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Abstract 
 
In the past few years, a continuous rise of gas/oil prices promoted the exploitation 
of renewable energy especially from photovoltaic. This field is today monopolized 
by Silicon, either mono- or crystalline-, solar cells, although thin film technologies 
are gaining increasing interest for the possibility to reduce the material quantity and 
cost and to use light and flexible substrates. Among thin films, CuInGaSe2 (CIGS) 
is the material with the highest conversion efficiency, close to 22%. 
Despite the fact that the performances of CIGS-based solar cells are comparable to 
the silicon ones, their spread on the market has been limited by the high production 
cost; long and expensive multistage processes (thermal co-evaporation and 
sputtering/selenization) must be adopted to solve the problems related to the CIGS 
complex composition and incongruent melting. 
An innovative deposition technique (PED, Pulsed Electron Deposition) has been 
developed at IMEM-CNR, aiming to simplify the growth of complex materials such 
as CIGS. PED is based on a non-thermodynamic equilibrium process, consisting in 
the ablation of a target with the same composition of the film to be grown, leading 
to a simple and “single stage” CIGS deposition. 
The work is carried on in the frame of an industrial project “PED4PV” (Pulsed 
Electron Deposition for PhotoVoltaic), coordinated by IMEM-CNR and financed by 
the Italian Economic Development Ministry, with the purpose of optimizing the PED 
technique for depositing high efficiency (>15%) CIGS-based solar cells.  
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The first part of the thesis is focused to exploit the PED peculiarities (specifically, 
the optimal stoichiometric transfer from the target to the substrate) in order to obtain 
CIGS thin films of high crystalline quality and, remarkably, at a much lower 
temperature compared to the alternative growth techniques. 
The optimization of the CIGS absorber layer and its doping, by Na addition, allowed 
to obtain solar cell efficiencies of 18.75% on active area. 
The low temperature CIGS deposition process has been successfully tested also on 
crystalline substrates (GaAs and Ge), onto which monocrystalline CIGS films have 
been epitaxially deposited; the absence of structural defects such as grain 
boundaries could furtherly increase the efficiencies (up to a theoretical value of 
28%). 
The second part of the thesis is dedicated to a pre-industrial development of the 
PED process. In particular, the solutions to overcame the main problems typical to 
the high energy techniques have been studied:  
i) reduction of the micrometric particulate on the film surfaces, caused by the 
interaction between the high-energy electronic beam and the target, by applying an 
appropriate electric field between target and substrate. 
ii) increase of the deposition area, by designing and assemble a pre-industrial 
deposition chamber prototype equipped with different PED sources, suitable to 
fabricate photovoltaic cells with large area (16x16cm2, same as the conventional 
Silicon-based cells) with high thickness uniformity. 
iii) Stability of the electronic beam during long deposition time, limiting the PED 
sources heating. This has been achieved by designing realizing and testing a new 
type of heater based on the Joule effect (flowing a current through the solar cell 
metal back contact), enabling the growth of high quality CIGS on thermolabile and 
flexible materials such as polymers. 
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This thesis work contributed to the rapid development of CIGS-based thin film solar 
cells with efficiencies comparable to the highest values at international level, with a 
simple and potentially scalable industrial process. 
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Introduction 
 
Global energy demand is growing very fast. The continuous world population 
increase and the consumption associated to the rising level of life require more and 
more energy. Fossil fuels, extensively used in the past, are no longer able, alone, 
to satisfy the global demand. Besides, other issues related to the increasing 
environmental pollution and greenhouse effect and the socio-economic and political 
problems in areas hosting the remaining oil reserves, are seriously impacting our 
everyday life. In this scenario it is vital to find alternative energy resources that must 
be renewable, clean and low-cost.  
The sun is by far the energy source that could better meet global needs. Indeed, the 
energy produced by the sun is unlimited, cheap, available everywhere and 
nonpolluting. The solar energy reaching annually the earth's surface is 20,000 times 
greater than the current world consumption. 
The photovoltaic technology, directly converting sunlight into electricity is the most 
promising method to harvest energy from the solar radiation. Nowadays, many 
research centers are strongly committed to increase the efficiency of these systems. 
The research in this area has been going on since the 70’s, but only in the latest 
years, the photovoltaic installations reached the market maturity (and are 
continuously increasing). Recently, solar cells achieved high conversion efficiencies 
(≈25% in silicon-based devices), improved robustness (service lifetime >25 years) 
and reduced cost (<1€/Wp). The current price of turnkey photovoltaic systems 
guarantee payback period of few years. 
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The photovoltaic industry is essentially dominated by crystalline silicon. However, 
the segment of thin film solar panels, based on amorphous Si and II-VI 
semiconductors (CdTe and Cu(In,Ga)Se2), is rapidly expanding. This technology 
allows greater savings in terms of costs and amount of raw materials. In a thin film 
solar cell the thickness of the absorber layer is about 100 times lower than in a 
standard silicon cell. Among thin films, Cu(In,Ga)Se2 (CIGS) is the material with the 
highest absorption coefficient and the highest conversion efficiency, close to 22%, 
a value approaching the silicon-based solar cells. 
In spite of that, the market penetration of cells based on CIGS is being limited by 
the high cost of the growth technologies. The commonly used techniques (thermal 
co-evaporation and sputtering/selenization) are based on long-lasting and 
complicated multistage processes for overcoming the challenges related to the 
CIGS complex composition and incongruent melting.  
In order to simplify the CIGS-growth technology, in the last years the IMEM-CNR in 
Parma has developed a novel growth process based on the Pulsed Electron 
Deposition (PED) technique. From 2009 IMEM-CNR has been leading an industrial 
research project called "PED4PV" (Pulsed Electron Deposition for Photovoltaics), 
funded by the Italian Ministry of the Economic Development, in the frame of the 
“Industry 2015 - Energy Efficiency” Programme. The PED4PV project aims to: i) 
prove that high efficiency thin film solar cells (>15%) can be fabricated by a simple 
and low-temperature process based on the PED technique, and ii) scale-up the PED 
technology for the fabrication of commercial modules.  
PED is a Physical Vapour Deposition technique based on the generation of a pulsed 
electron beam (duration of ~100 ns) with high kinetic energy (>10 keV). This e-beam 
is accelerated and guided by a dielectric tube towards a CIGS target, leading to the 
"ablation" of the latter and to the formation of a cloud (or "plume") of plasma 
containing Cu, In, Ga, Se, in elemental form. The high e-beam energy allows a 
proper stoichiometric composition transfer from the quaternary target to the 
substrate, where the four elements condensate and the CIGS tetragonal phase re-
forms.  
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This thesis, carried on in the frame of PED4PV project, aims to: i) the optimization 
of the deposition process, by exploiting the characteristics of the PED technique (i.e. 
simple single-stage deposition, stoichiometric transfer, internal energy of the plasma 
cloud) to develop a low-temperature and “easy” CIGS solar cells and ii) definition of 
a pre-industrial CIGS solar cell fabrication route based on PED technique.  
The first part of this thesis is devoted to optimize the deposition process to obtaining 
high crystalline quality CIGS films at a growth temperature (<300°C) much lower 
compared to the traditional techniques (450-550°C).  
Since the optimum absorber carrier concentration (usually dependent on the 
concentration of sodium (Na) diffused from the glassy substrate) must be achieved, 
the intentional deposition of a NaF precursor layer between the Mo back contact 
and CIGS is introduced to provide the necessary Na content, that can no longer 
diffuse from the substrate at such low temperature. The study of the effects of a 
post-growth annealing treatment on the cell performance uniformity over areas >6 
cm2 is also carried out. The design of the cell architecture, and in particular the 
transparent conductive oxide for minimizing resistive effects in the cells is also 
significantly improved. Finally single-crystal CIGS films are epitaxially grown on 
crystalline substrates (GaAs and Ge); by reducing the structural defects related to 
the CIGS polycrystalline structure, solar cells with theoretical efficiencies > 28% 
could be obtained. 
The second part of the thesis is dedicated to the pre-industrial implementation of the 
PED technique. Specific solutions to mitigate some intrinsic challenges of the high 
energy techniques, are studied and tested: 
1. Reduction of the micrometric particulate generated on the target surface and 
deposited on the growing film. Appropriate electric fields applied between 
target and substrate are used to repulse the particles from the substrate 
surface. 
2. Larger deposition area. By studying the narrow-peaked angular distribution 
of the elements ablated from a single PED source over the deposition area, 
a mathematical simulation model for maximizing the coating uniformity using 
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an array of PED sources is built. In particular this model is used to optimize 
the thickness uniformity of CIGS layer over a 16x16cm2-wide area 
(corresponding to a conventional silicon-based solar cell). 
3. Long-term stability of the electron beam. With the goal of limiting the PED 
source heating, a new type of substrate heater is designed. The customized 
heater locally and rapidly heats the surface of Mo-coated glass substrates by 
Joule effect, without warming the PED source and the vacuum chamber. The 
limited heating of the substrate bulk allows the CIGS deposition by PED even 
on thermolabile and flexible materials such as plastics.   
In collaboration with industrial partners, all the achieved results have been utilized 
to draw and built a pre-industrial prototype deposition chamber, equipped with a 
multi-PED system, for fabricating 16x16cm2 CIGS-based solar cells. The prototype, 
recently installed at IMEM-CNR, is now fully operating.  
The thesis is summarized as follows. The characteristics of a thin film solar cell, with 
particular attention to the physical properties of CIGS as absorber layer, are 
explained in Chapter 1, where the features and the limitations of the standard CIGS 
deposition techniques are discussed. The main features of the PED technique, in 
particular its peculiarities with respect to other growth methods, its advantages and 
the technological issues, are described in Chapter 2, together with a detailed 
description of the operating principles and the parameters leading the PED process. 
In Chapter 3 the experimental setup and the characterization techniques used to 
analyze the CIGS layers ("in situ" and “ex-situ” methods) are illustrated. The 
experimental results obtained during the thesis work are reported and discussed in 
Chapter 4. In the first part of this Chapter, the different methods to achieve cell 
efficiencies > 18% are treated, while in the second the technological improvements 
for drawing and assembling a pre-industrial prototype to realize solar cells (16x16 
cm2-wide) are described. In the last Chapter, the main results of the thesis are 
summarized with the perspectives for exploiting them both in fundamental 
understanding and for possible applications. 
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Chapter 1: CIGS Thin Film Solar 
Cell 
 
The silicon-based modules are by far the most used in the photovoltaic (PV) market. 
This material allows to reach high efficiencies (25.6% on laboratory scale [1]) at low 
prices thanks to the long lasting research started over 40 years ago. In recent years, 
research moved to new materials and new technologies. The second generation of 
photovoltaic devices is based on thin film. The market analysts agree that this 
technology will play soon an important role, for allowing a significant material saving 
(the absorber layers are about 200 times thinner than the silicon slices used in the 
first generation) and, thus, enabling the fabrication of flexible solar cells. 
Besides the lower material usage, thin film solar cells must possess high conversion 
efficiencies to be cost-effective; for example Cu(In,Ga)Se2 (CIGS) reaches 21.7%  
efficiency on laboratory scale [2] and  CdTe-based solar cells 21% (obtained by First 
Solar [3]). 
A number of parameters in the complex structure of a photovoltaic cell have to be 
properly combined the get an efficient multilayer architecture. In particular, a 
material presenting its band gap optimally matched with the solar spectrum is 
required to maximize the cell performance. In the Figure 1.1 is shown the theoretical 
efficiency of a solar cell according to different absorber layer band gaps. 
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Figure 1.1: Maximum theoretical efficiency (Shockley–Queisser limit) for solar cells under AM1.5 
illumination without concentration [4]. 
 
CIGS is a p-type semiconductor with a tunable band gap by varying the In/Ga ratio. 
CIS (without gallium) and CGS (without indium) have band gap values of 1.04 eV. 
and 1.70 eV, respectively. Therefore, CIGS presenting an intermediate composition 
(typical is Cu(In0.7,Ga0.3)Se2) is an excellent material to be used as absorber layer 
in a photovoltaic cell. 
A further CIGS advantage is the high absorption coefficient (Figure 1.2); therefore, 
only very few microns of material are sufficient to absorb the whole solar radiation 
[5]. 
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Figure 1.2: Absorption spectra of different semiconductors. [6] 
 
The 2nd generation PV cells present a complex multilayer configuration. How the 
absorber layer (including its lattice parameters and energy level) fits within the 
structure of the cell is a key parameter to reach stable and efficient devices. The 
standard structure of a CIGS based solar cell is illustrated in Figure 1.3. 
 
 
Figure 1.3: Representative scheme of CIGS-based solar cell [7]. 
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In the realization of a conventional photovoltaic cell, a molybdenum (Mo) 500 nm 
thin layer is deposited by sputtering on a soda-lime glass (SLG), a  widespread and 
commercially available substrate. Since the production of PV cells involves a high 
temperature process, the thermal expansion coefficient of the substrate must be 
taken into account; it should be as similar as possible to the absorber’s one in order 
to prevent the layer detachment during the heating and the cooling process. SLG is 
a very good candidate as a substrate; it presents a suitable thermal expansion 
coefficient, it’s easy to find, very cheap and contains sodium (Na).  Na content is 
critical for the CIGS-based solar cell operation and Na migration from the glass 
substrate is the easiest way to “dope” the CIGS layer; this feature will be discussed 
in detail in Chapter 5. Other types of substrates can be used, in particular for flexible 
solar cells, such as Mo-coated plastics (polyimide) or metals (stainless steel, 
titanium). 
About 2 μm of CIGS are then deposited onto the Mo layer. The most commonly 
used deposition technique is the co-evaporation [8] in which the four elements are 
simultaneously evaporated in 4 independent crucibles heated by Joule effect; the 
CIGS formation is the result of the condensation of the species on the substrate kept 
at high temperature (about 550 °C)  [9]. The next layer is the n-side of the junction 
and it is based on a thin (≈ 50 nm) buffer layer of CdS grown by chemical bath 
deposition (CBD) and the cell is closed with a bi-layer by RF-sputtering: the first one 
is an intrinsically doped ZnO layer of about 70 nm, while the last is a 500nm-thick 
Aluminum(2%)-doped ZnO (AZO). These ZnO-based layers combine transparency 
and conductivity properties and belong to the group of the transparent and 
conductive oxide (TCO). These features allow the light to reach the underlying 
absorber layer and simultaneously the collection of the carriers generated by the 
incident photons. Finally the cell is completed with the electrical contacts on top, 
based on a metal aluminum grid. 
As far as the Cu(In,Ga)Se2 structural properties concern, the film usually shows a  
polycrystalline nature with typical grain size of ≈1μm and a pseudo-columnar growth 
direction perpendicular to the surface (Figure 1.4). This structure seems to be 
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particularly efficient to transport the charges towards the contacts, since the 
electrons photo-generated, driven by the internal electric field at the junction 
perpendicular to the growth plane, have not to cross the grain boundaries, which 
are macroscopic defects causing carriers recombination and annihilation. In this 
way, the electrical conduction occurs primarily along the grain, minimizing 
recombination and increasing the cell efficiency. 
 
 
Figure 1.4: SEM cross section of CIGS absorber layer. Columnar grains perpendicular to the 
surface. 
 
Another fundamental CIGS property to optimize is clearly is the chemical 
composition. The CIGS is a quaternary material composed by copper, indium, 
gallium and selenium; indium and gallium occupy interchangeable positions in the 
chalcopyrite structure. The CIGS can be considered a solid solution of other two 
compounds: CuInSe2 (CIS) and CuGaSe2 (CGS). The most important crystalline 
phase for a solar cells is the α phase shown in Figure 1.5 where the binary diagram 
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Cu2Se-In2Se3 is depicted. The α phase occupies a very restricted area (stability 
region) in this phase diagram [10]. 
The CIGS growth is therefore extremely complex for all techniques working at the 
thermodynamic equilibrium (such as evaporation or sputtering) due to the 
incongruent melting of Cu(In,Ga)Se2. 
The α-polycrystalline CIGS has a p-type conductivity mainly due to the presence of 
copper vacancy, (VCu), which operate as electron acceptors. 
 
 
Figure 1.5: CuInse2 phase diagram [11][12]. 
 
Among the various crystalline phases, it’s very important to minimize the β phase, 
also called Ordered Defect Compound or Ordered Vacancy Compound (ODC/OVD) 
[13]: its composition is characterized by a Cu deficiency, which can be find in various 
phases: Cu2(In,Ga)4Se7, Cu(In,Ga)5Se8, Cu(In,Ga)3Se5. All ODC phases are 
characterized by high resistivity and n-type conductivity. 
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Obviously, with β-CIGS layer the solar cell would not work, impeding the formation 
of the p-n junction. Therefore, in order to obtain a good quality absorber, one has to 
carefully control the Cu content; the compound requires the presence of a slight Cu 
deficiency (VCu) without producing the β phase. 
In addition to the Cu vacancies, even the selenium (Se) concentration is a crucial 
parameter for the CIGS composition. Indeed, films poor in Se show vacancies (VSe) 
that decrease the carrier number and consequently the cell efficiency, since VSe 
operate as electron donors and compensate the holes in the film. Moreover, VSe 
affect the CIGS chemical stability, making the CIGS surface highly reactive to 
oxygen, substituting Se in the structure, that is known to be detrimental for the 
quality of the absorber [14]. 
On the contrary, the excess of Se excess, tents to accumulate in the grain 
boundaries, passivating them and improving the cell operation. Another advantage 
of the interstitial Se is the reduction of the oxygen reactivity. For these reasons, after 
the CIGS deposition, a selenization treatment is required. This process involves the 
evaporation/diffusion of selenium on the film surface during the annealing process. 
 
1.1 CIGS sodium doping 
One of the main aspects to be considered during CIGS growth is sodium (Na) 
doping. The main role of Na is to increase the open circuit voltage (Voc) and to 
optimize the fill factor (FF) (the ratio of maximum power measured and the product 
of the open-circuit voltage and short-circuit current, as shown in Chapter 3) of the 
cells, while the short circuit current (Jsc) remains virtually unchanged. The Na effects 
on CIGS are essentially related to the increase of the free carrier density, obtained 
by the Na inclusion inside the grains and by the passivation of defects at the grain 
boundaries. Solar cells based on Na-doped CIGS exhibit more stable performance 
for a wider range of Cu concentration [15 16 17] . 
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To explain why Na-doped CIGS show higher efficiencies, many experimental results 
reported in the literature have to be reviewed. The changes in CIGS layer due to Na 
addition can be classified into four points [15] (see Figure 1.6): 
1. The first and most important feature is the effect on the increase of the carrier 
concentration. Although the reason for this increase is still debated, this has 
been reported by various groups and now is accepted by the scientific 
community as directly due to Na incorporation. 
2. A decrease of the ratio Ga/(In+Ga) near the central region of the absorber 
(far from the interfaces) causes unwanted band gap gradients, affecting the 
carrier production and the carrier collection. 
3. The variation of the CIGS crystal structure. A preferred orientation of grains 
along the (112) direction has often been reported in Na-doped CIGS. 
The CIGS morphology is also affected by the Na presence: doped polycrystalline 
films exhibit smaller grain size with respect to the undoped CIGS. 
 
 
Figure 1.6: Sodium effect in CIGS: (A) Carrier density increase due to doping and grains boundaries 
passivation; (B) gallium segregation; (C) structural preferred orientation changes [18]. 
 
The technological strategies developed to incorporate sodium inside the CIGS are 
listed below (see Figure 1.7): 
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1. The standard method is based on the sodium diffusion from a Na-rich 
Soda-Lime Glass (SLG) substrate. Na migrates through the back contact 
to the polycrystalline CIGS film, where it segregates at the grain 
boundaries (see Figure 1.7.a). The substrate temperature is a key factor 
to maximize Na diffusion during the nucleation and the grain growth of 
CIGS while the post-growth annealing favors the propagation of Na 
towards the CIGS surface. 
2. By the precursor route, depositing a Na-based layer. This precursor, 
generally sodium fluoride (NaF) is deposited before the CIGS and thus 
affects the growth dynamics of the absorber (see Figure 1.7.b). An 
annealing process enables the Na diffusion inside the CIGS.  
3. The simultaneous deposition of CIGS and Na-based compounds allows 
the direct incorporation of Na into the absorber layer without needing any 
annealing process (see Figure 1.7.c). This also include the incorporation 
of Na into the CIGS target; this solution has been ruled out, since Na, 
being highly hygroscopic, causes the fragmentation of the bulky target 
once exposed to the air. 
4. The Post Deposition Treatment (PDT) is based on the NaF deposition 
after the CIGS growth (see Figure 1.7.d). In this case, during the 
nucleation and the growth of CIGS, Na is not present, but its diffusion into 
CIGS is triggered by a post deposition annealing performed after the 
deposition of a NaF layer. Both temperature and duration of the PDT 
process are crucial parameters [15]. 
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Figure 1.7: Different Na incorporation method: standard SLG method (a), precursor method (b), 
simultaneous deposition (c)  PDT (d) [15]. 
 
1.2 CIGS film industrial deposition technique  
In recent years, many companies and research centers focused to develop of CIGS-
based thin film solar cells on standard (glass) substrates and unconventional 
(flexible) substrates. There are different approaches to deposit CIGS thin films; 
some groups use vacuum deposition methods, others work with liquid phase growth 
techniques. The latter allows to obtain devices with lower efficiencies, but it offers 
considerable advantages from the point of view of the experimental apparatus and 
the investment costs. 
The CIGS thin film growth techniques can be divided in two different groups: 
1. Physical techniques (PVD, Physical Vapour Deposition): thermal co-
evaporation, sputtering, high-energy techniques (PLD and PED); 
2. Chemical techniques: Electrodeposition, Spray Pyrolisis, Ink Jet, and others.  
The most used methods to produce CIGS based solar cell at industrial level belong 
to the PVD techniques, namely co-evaporation, sputtering and pulsed electron 
deposition. 
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1.2.1 Thermal co-evaporation 
The best CIGS in term of efficiency has been obtained by the thermal co-
evaporation technique [2], nowadays, most of the CIGS modules on the market are 
produced using this technique. It is based on the simultaneous evaporation of the 
material elements from different sources. It can be performed in a single process or 
in a sequential way (see Figure 1.8). 
 
 
Figure 1.8: Schematic representation of thermal co-evaporation system used for CIGS thin film 
deposition [19]. 
  
In this growth method, since the energy of the evaporated specie is very low, the 
substrate temperature is high (500-600 °C) value because the atoms arriving on the 
substrate surface need some additional energy to move and reach the right sites. 
There are different methods to grow the CIGS layer, classified according to the Cu 
evaporation profile (see Figure 1.9). 
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Figure 1.9: Different method to grow CIGS by thermal co-evaporation [15]. 
 
The diffusion of Cu into the film during the growth is fast enough to allow a 
homogeneous distribution in the final absorber layer while the interdiffusion of In 
and Ga is slower than Cu. By varying the evaporation flow during the process, the 
[Ga]/[In] ratio can be tuned, leading to a different concentration of the two elements 
into the film (Ga grading). In all co-evaporation processes, excess of Se is supplied 
during the film growth. Due to the low evaporation temperature, the Se exceeding 
the stoichiometry is not embedded in the film but re-evaporate from the hot surface. 
After the CIGS layer formation, in order to avoid Se losses from the absorber surface 
in the cooling step, a selenization process is needed. This is a high-temperature 
treatment involving a H2Se atmosphere. H2Se is a volatile very toxic compound 
which requires the use of expensive security systems. 
The most efficient solar cells have been obtained by applying three different stages 
to produce CIGS absorber layer (the so called 3-stage method). As reported in 
Figure 1.10, the first step is the deposition of (In,Ga)2Se3 precursor at low substrate 
temperature (250-400 °C), In the second stage, Cu and Se are deposited at high 
temperature (typically 550 °C) with a slightly Cu-rich composition. Finally, in the third 
and last step, In,Ga and Se are evaporated keeping the same high substrate 
temperature, until the desired stoichiometry (Cu poor CIGS) is reached. 
 
Fabrication of high-efficiency Cu(In,Ga)Se2 solar cells  
by Pulsed Electron Deposition technique 
 
 
 
24 
 
This type of CIGS growth leads to smoother and more regular surfaces, reducing 
the interface area with the buffer layer and even the morphological defects inside 
the junction [15]. 
 
 
Figure 1.10: Three stage process schematic representation. 
 
1.2.2 Sputtering 
Sputtering is a physical deposition technique, widely used at industrial level for the 
large-scale production of a number of materials over large areas. Its operation is 
based on the ion-bombardment of a target obtained from the plasma formation of 
an inert or reactive gas inside the vacuum chamber and the subsequent acceleration 
towards the target. The gas atoms are ionized by a high voltage applied to the 
cathode holding the target; the plasma ions are accelerated by the electric field 
towards the target, and the collisions cause the surface atoms ejection. The 
acceleration voltage, the gas pressure and the anode-cathode distance are the 
basic parameters of the process. In order to ensure both a good deposition rate and 
a low gas pressure in the chamber, a magnetic field in a special geometry is often 
used ("magnetron sputtering"). It keeps the electrons confined on the target surface 
creating multiple ionizations and maintaining the plasma on even at lower pressure. 
Depending on the material to be deposited, different power supplies are available; 
for example an AC voltage at high frequencies (> 1 MHz) where only the electrons 
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can follow the rapid field inversion ("RF sputtering"), can be used for dielectric 
targets. In this way, it is possible to neutralize the charge stored on the target surface 
in order to avoid the voltage drop and consequently the ion kinetic energy that 
means a less effective bombardment. 
Similarly to the co-evaporation process, also for sputtered CIGS different precursors 
are deposited in consecutive steps (InSe, GaSe and Cu or InSe, GaSe, Cu and 
GaSe) (Figure 1.11), treated in high temperature (about 500 °C) and selenized in a 
final “ex-situ” stage where the wanted phase is formed. 
 
 
Figure 1.11: Schematic representation of CIGS growth by sputtering system. [20] 
 
This technique is suitable for photovoltaic thin film technology because it is used to 
deposit other layers constituting the solar cell, such as the molybdenum back 
contact, the buffer layer (CdS, ZnS or other compound) and the TCO’s. 
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Chapter 2: Pulsed Electron 
Deposition (PED) 
 
The pulsed electron beams (Pulsed Electron Deposition, PED) is a low cost 
technique with a high energy conversion efficiency able to grow complex materials 
(structure, composition, etc.) in thin film form. Therefore, it could be consider a 
candidate in the search for alternative and efficient methods to grow CIGS-based 
thin film solar cells solar. 
In this Chapter, the operating principle of this technique will be described and the 
steps to generate the electron beam and its interaction with the target, will be 
explained. Following, advantages and challenges that make PED a suitable method 
to deposit CIGS film will be addressed. 
PED is a high-energy PVD technique, where a pulsed high-energy electron beam, 
with high current density, ablates the target surface. The huge power, transferred in 
a relatively short period, allows to avoid the material fusion in favor of an ideal 
ablation: all the elements composing the target material rapidly evaporate far from 
the thermodynamic equilibrium. This allows to efficiently transfer the stoichiometry 
from the target to the growing film, necessary to grow complex or incongruent 
melting materials, such as composite metal oxides, complex alloys and polymers [1 
2 3 4]. 
The PED is a recent technique, similar to the Pulsed Laser Deposition (PLD), much 
more known and widespread based on a laser pulse for target ablation. The two 
high-energy techniques share common features: ablation mechanisms, degradation 
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phenomena of the target surface, plasma properties, good stoichiometry transfer 
and film growth. The main difference is the beam type; the pulsed excimer laser 
sources of PLD cost about 20 times the electron beam sources used for PED. This 
makes PED the high-energy technique less expensive available on the market. 
Further advantages of PED are the larger energy transfer efficiency and the 
capability to ablate all the materials transparent to the laser photons, such as glass, 
polymers, TCO and anti-reflection coatings for photovoltaic cells. 
The technical characteristics of the PED operation, such as pulse frequency, pulse 
width, electron beam acceleration voltage and current density, must be carefully 
calibrated to control the interaction between the electrons and the target matter. 
Therefore, to prevent target melting below the surface, it is necessary to limit the 
electrons penetration length, thus accelerating voltages are not settable over 20kV. 
In any case, the current density required is very high (>105 A/cm2), corresponding 
to an electron beam power in the order of 108 W/cm2. The pulse frequency (tunable 
between 1 and 20 Hz) and the short pulse width (about 100 ns) prevent the melting 
or the evaporation of the material at the thermodynamic equilibrium avoiding an 
eventual stoichiometry loss due to the incongruent melting point of the target.  
Although PED is a rather new technique, it’s becoming more and more popular and 
has been successfully used to growth superconducting films (YBCO), absorbers 
layer in solar cells (CIGS), semiconductors (ZnO) and various oxides (Al2O3, soda-
lime glass) with high structural and compositional quality [1 2 3 4].  
 
2.1 Electron beam generation and acceleration  
The formation and acceleration of electron beams with high current density are 
nearly impossible in high vacuum, primarily because of the mutual repulsion 
between the electronic charges. Is therefore needed at least a low pressure gas 
atmosphere (background) to neutralize the electron space charge and confine the 
beam. 
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2.1.1 Electronic source  
The electron source to produce high current beams is the “heart” of the PED 
technique; it’s based on a hollow cathode made with a particular geometry which 
basically consists in a metal tube, positioned in front of a plane anode. 
The electrons are extracted from the internal walls of the cathode due to 
photoelectric effect and to the ion impacts. In a first step, the electrons move slowly 
because of the weak electric field inside the hollow cathode increasing the 
probability of ion formation. The special geometry forces the electrons to oscillate 
around the axis, efficiently ionizing the gas present in the cavity. In a second stage, 
they are accelerated towards the anode. This type of source operates in continuous 
current. 
The pulsed mode is essential to achieve extremely high currents, requiring a change 
the hollow cathode. A tight hole is used to collimate the beam when the electrons 
are extracted. This particular setup is called transient hollow cathode (THC). In this 
way it is possible to obtain pulsed discharges lasting about 100 nanoseconds with 
some kA/cm2 of current density; the repetition rate is controlled by a trigger. In series 
with the cathode an electrolytic capacitor stores and provides the charge; it can be 
discharged, in a very short time, defining the pulse duration. To ignite the controlled 
breakdown, a proper amount of gas is needed; too low pressure does not allow the 
avalanche ionizations and the beam propagation, while too high pressure induce 
the self-discharge phenomena. In this case the electron beam loses its pulsed 
nature, becoming a continuous discharge with much lower current density. The 
geometrical factors also play an important role; the Paschen curve (Figure 2.1) 
illustrates the discharge voltage as function of gas pressure inside the electron gun 
and the distance between the electrodes d: 
𝑉𝐵 × 𝑃 × 𝑑 = 𝑐𝑜𝑠𝑡 
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Figure 2.1: Paschen curve of different kind of gas. Breakdown voltage as function of pressure x 
distance. 
 
The best region to trigger the discharge is the left side of the Paschen curve, where 
it is possible to work at low pressures without any risk of self-triggering. It minimizes 
the scattering effects of electrons and also between the particles ablated from the 
target, increasing the deposition rate and promoting a high quality growth of the 
films. 
 
2.1.2 Electron beam acceleration and propagation  
Once the electrons are generated, the beam propagation requires a collimation and 
acceleration towards the anode direction. This can happen in Channel-Spark mode, 
introducing a dielectric tube of radius r through which the beam can propagate. From 
the Paschen law, in the pressure range of 10-3-10-4 mbar and in presence of high 
voltage (tens of kV) necessary to induce the ablation, the distance d between the 
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anode and cathode would be in the order of some mm. In this new configuration, 
the law driving the discharge is: 
𝑉𝐵 × 𝑃 × 2𝑟 = 𝑐𝑜𝑠𝑡 
Therefore, the distance between anode and cathode becomes arbitrary (Figure 2.2). 
 
 
Figure 2.2: Breakdown voltage as function of gas pressure in dielectric tube with internal diameter 
d =5 mm [3]. 
 
Furthermore, in this configuration, the beam generated and propagated inside the 
insulating tube is very stable making the energy conversion efficiency in the 
Channel-Spark PED technique as high as 30%. 
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Figure 2.3: Schematic representation of PED source in channel-spark configuration [3]. 
 
2.1.3 Constrain discharge dynamics  
The Channel-Spark system consists of a THC connected to a dielectric tube 
operating at low pressure conditions. Beam generation in the Channel-Spark mode 
can be summarized in the following steps: 
1. The trigger generates a low current discharge; 
2. THC inject the electrons; 
3. The electrons generated create the beam; 
4. The electron beam is accelerated inside the dielectric tube; 
5. The electrons exit from the tube and strike the target material, ablating it. 
The beam product is a plasma channel formed by the positive ions where high-
energy electrons flow in. Different devices, such as Faraday cups [5] or Rogowski 
Coils [6] have been used to study the beam current and energy evolution during the 
pulse, allowing to understand the poly-energetic nature of the beam (Figure 2.4).  
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The beam power can be divided in three different contributions as a function of the 
time: 
1. The beam head is constituted by a few electrons (low current) but very fast 
and with high energy; 
2. Following, a relatively low current due to electrons average energy; 
3. Finally, the pulse ends with an high current, due to low-energy electrons (the 
slowest)  
 
 
Figure 2.4: Energy, current and power of electron beam as function of time in a channel spark 
system [3]. 
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Figure 2.5: Schematic representation of channel-spark PED system [7][3]. 
 
2.2 Interaction between the electron beam and 
the target  
When the electron beam hits the target, the electrons transfer their kinetic energy 
through inelastic collisions to the target atoms, causing a rapid temperature increase 
of the material surface. If the beam power is sufficient to exceed the material ablation 
threshold (the minimum power density required to ablate, generally in the range 1-
5x107 W/cm2) [8] [9]. The evaporation process is out of thermodynamic equilibrium. 
This leads to the plasma plume generation, which propagates in the perpendicular 
direction to the target surface at supersonic speed towards the substrate placed in 
front. The interaction between the electron beam and the target atoms depends only 
by the cross section of electronic scattering; consequently, the pulsed electron 
beams technique is independent on the target material in the ablation conditions [8].   
 
   
Chapter 2: Pulsed Electron Deposition (PED) 
 
 
 
35 
 
2.2.1 Electrons penetration length  
The electrons penetration depth inside the target is a crucial parameter. In fact, in 
the PED technique is essential that the interaction volume between the electrons 
and the target material is greater than the heat diffusion volume during the beam-
target interaction time. This is necessary to avoid the target heating; if the 
temperature increases without exceeding the ablation threshold, this mainly 
generates two problems: 
1. The energy diffusing by thermal conduction in the material does not 
contribute to ablation and it is wasted. In addition there is a reduction of the 
amount of ablated material in each pulse and then a decrease of the 
deposition rate. The ablation under the threshold increases the time 
deposition. 
2. Processes at thermodynamic equilibrium such as melting and evaporation. 
In case of materials with an incongruent melting point (i.e. a different 
composition of the solid and the liquid phase), a stoichiometry variation 
between the target and the deposited film occurs and the film grows enriches 
in elements with the lower melting temperature. 
The electron penetration length (δ) in the material is a function of their energy (E) 
and the material density (ρ) according to the equation: 
𝛿 = 5.37 × 𝐸 × (1 −
0.9815
1 + 0.0031 × 𝐸
) ×
1
𝜌
 
where ρ is expressed in g/cm3 and E in keV (1-20 KeV). The electron beam 
penetration depth, with energy of between 10 keV and 20 keV, is about 1 micron 
below the target surface. Furthermore, high density materials completely absorb the 
beam in a thicker layer than the lighter ones. The heat diffusion length for a pulse 
width τ is equal to: 
𝛿𝑇 = 2 (𝛼 × 𝜏)
1 2⁄  
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In the PED technique, the condition of congruent ablation is: 
𝛿 > 𝛿𝑇 
Density and thermal conductivity are intrinsic features of the target material and they 
require an optimum voltage to obtained the congruent ablation. If this condition is 
not verified, the heat would diffuse in the target causing the fusion of the material, 
leading to incongruent evaporation phenomena and "splashing" or "surface super-
boiling" (degradation phenomena of the target surface morphology which also cause 
the particulates deposition on the film). There are two different ways to keep the 
system in congruent ablation conditions: 
1. Maximizing the electrons penetration depth in the target, but this is not the 
best strategy, because the increase of the interaction volume reduces the 
power density absorbed by the material. The minor power density cannot 
ablate the target creating problems of surface super-boiling; 
2. Minimizing the diffusion range of the heat by controlling the pulse width: 
shorter pulses can reduce the thermal diffusion length. 
The latest electron source available on the market are moving towards this latter 
option to reduce the pulse width and to increase the ablation process efficiency. 
 
2.2.2 Target power absorption  
The ablation process is closely related to the power absorbed by the material. As 
already mentioned, the non-thermodynamic equilibrium ablation process is possible 
only if the power absorbed by the material exceeds a specific threshold. The 
following relation describes the rate of temperature: 
𝑑𝑇
𝑑𝑡
∝
𝐼 × 𝑉
𝑆 × 𝐶 × 𝜌 × (𝛿𝑇 + 𝛿)
 
where I is the beam current, V the electrons acceleration voltage, S the interaction 
area with the target, C is the target thermal capacity, ρ the target material density, 
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δt the thermal diffusion length and δ the electronic diffusion length of the target. The 
ratio dT/dt represents the heat variation in the unit time, directly proportional with 
the beam power (IxV) and in inverse proportion to the interaction area, to the heat 
and electric diffusion processes. Therefore, the absorbed power density is an 
important factor and should be carefully studied. As already noticed, the electron 
beam produced by the PED source is not monochromatic, but poly-energetic: it 
consists of several groups of electrons that impact on target surface at different 
times and different currents and energies characterize them. The power transferred 
by the PED electron beam can be divided into the sum of different mono-energetic 
contributions (see Figure 2.6). 
 
 
Figure 2.6: (a) Different electron beam component as function of energy and current. (b) 
Normalized distribution profile of energy transfer of different electron beam component. (c) Number 
of electron as function of penetration length [8]. 
 
The sum of the different distribution ends up to the confinement of the maximum 
power absorption near the surface. This PED feature permits to minimize the target 
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degradation effects during growth process, as "surface super-boiling" and 
incongruent evaporation. 
2.2.3 Macroscopic ablation  
When a particle beam hits a solid target, several processes occur; they can be 
divided in four categories: 
1. Collisional ablation: It is due to impact of high-energy massive particles and 
the material target nuclei, therefore the atoms are expelled for simple 
moment transfer (Ex: Sputtering); 
2. Thermal ablation: the energy is transferred by the coupling between the 
electron beam and vibrational and electronic modes in the matter (Ex: PLD 
in nanosecond pulse width; secondary mechanism in PED); 
3. Electronics ablation: the beam interacts with the electrons, create electron-
hole pairs, promotes atoms ionization and electrons excitation in the target. 
(Ex: PED and PLD in lower picosecond pulse); 
4. Macroscopic ablation: 
a. Exfoliation: material thin layers are expulse from the target. It occurs 
in materials with high thermal expansion and high sublimation 
temperature (higher ablation threshold); 
b. Hydrodynamics: liquid and vapor phases are present simultaneously. 
In this case the liquid surface tension contrast the gas expansion, 
generating an equilibrium between the two phases. The partially 
molten surface area is dragged away by the supersonic gas expansion 
in low pressures condition (see Figure 2.7). This phenomena is divided 
into two categories: "super-subsurface boiling", when irregular macro-
particulate is ejected from the surface, and "splashing" when  there is 
a surface explosion followed by formation and expulsion of various 
sized drops (called "droplets" ). 
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Figure 2.7: Representation of different step of macroscopic ablation phenomena.  
 
All high-energy deposition technique cause macroscopic ablation and thus the 
deposition of a large number of macro-particles on the substrate. In the PLD these 
problems are unavoidable and very critical during the film growth. The PED, thanks 
to the poly-energetic electron beam, is able to generate a pulsed beam, which is 
absorbed in the very first layers of the target surface reducing the overheating of 
under-surface region; this means that the subsurface super-boiling and splashing 
phenomena can be minimized, nevertheless they are always present due to the 
electrons with energy below the ablation threshold. (see in Figure 2.8 the effect on 
the film). 
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Figure 2.8: SEM images of film surface of Zr0,8Sn0,2TiO4 growth by PED (a) and PLD (b). The 
comparison show that in the film by PED there is a reduction of particulate density and size [10]. 
 
The presence of droplet on the film surface proves that the macroscopic ablation 
occurred on the target. In high energy techniques, it is impossible to completely 
prevent their formation, but their average size and density on the film surface can 
be reduced. Fortunately, not all the particulates create problems for the film 
morphology, but only the large ones, with size comparable with the film thickness. 
This part will be discussed in details in Chapter 5. 
 
2.3 PED source time stability 
As shown in the previous paragraph, the electrons accelerated at nominal voltage 
are the most energetic [11]. Those are indeed the faster reaching the target and are 
followed by slower ones. 
In Figure 2.9 the electron flux on the anode is shown at 6 different moments.   
In the first phase (a), the pick is represented by the accelerated electrons at the 
cathode nominal tension (2kV).  
In the next phases, the electrons flux maximum moves towards lower energies, 
increasing the flux itself as shown in Figure 2.10 
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Figure 2.9: Electron flux distribution on the anode at six different times during the discharge 
formation obtained with the Montecarlo simulations [11]. 
 
 
Figure 2.10: Electron flux distribution on the anode at six different times during the discharge 
formation obtained with the Montecarlo simulations [11]. 
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The electron flux enhancement keeps increasing in time. In fact, PED source during 
prolonged use overheats some parts involved in the beam generation. In particular, 
the hollow cathode is very sensitive to this effect that increases during the prolonged 
use of the PED. A cathode heating causes indeed an electron emission due to the 
thermo-ionic effect.  Those electrons add up to the less energetic part of the beam 
contribute.  
The higher the cathode heating, the greater the thermo-ionic electrons emission is.  
In order to limit this detrimental effect, commercial sources are usually power 
restricted reducing the pulse rate depending on the voltage applied, allowing the 
cathode cooling down between successive pulses.  
 
 
Figure 2.11: Maximum voltage of PED source (red line) as function of frequency [12]. 
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In Figure 2.11 the operation range of a commercial source, (Neocera PEBS 20) 
restricted at 15 W to avoid the overheating. 
The cathode heating can be caused not just by an extended source use, but also 
by external factors such as the presence of massive heaters in the deposition 
chamber. The substrate heating is an inevitable part of the process, nevertheless 
the reduction of all external factors affecting the PED source performances is of 
primary importance. This topic will be extensively addressed in the experimental 
part of this thesis (Chapter 4) with the aim of minimizing this issue. 
 
2.4 Angular distribution of the ablated material 
The plasma plume generated by the ablation process propagates very quickly in the 
perpendicular direction to the target surface [3] [11]. 
The ionic diffusion velocity inside the plasma reaches values of 104 m/s and linearly 
decreases depending on the distance from the plume center, forming a much 
narrowed evaporation cone compared to a standard thermal evaporation. The 
ablated material angular distribution is shown in Figure 2.12. The angular 
distribution can be approximated with a function of cos2.5(φ), where φ is the angle 
with the target normal direction [3]. 
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Figure 2.12: Angular distribution of ablated material [3]. 
 
Such a narrow distribution of the ablated material reflexes in a likewise narrow 
thickness distribution on the deposited layer. In this case the distribution on a flat 
surface, parallel to the target, is proportional to cos5.5(φ). 
The thickness uniformity depends therefore on geometrical factors, such as the 
plume size and its distance from the target. A higher distance from the target 
improves the deposited film uniformity but drastically reduces the deposition rate. In 
Figure 2.13 the thickness distribution of a film realized on a flat substrate is shown.  
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Figure 2.13: Film thickness distribution on a plane surface [3]. 
 
This aspect limits the use of the PED technique for applications on small area 
substrates or at reduced deposition rate. In Chapter 4, the deposition area 
enlargement, using the combined effect of the different PED sources, will be 
illustrated. 
 
 
 
2.5 CIGS deposition by Pulsed Electron 
Deposition 
In Chapter 1 the characteristics making the CIGS a good material to be used as 
absorber layer in thin film solar cells discussed; in summary: 
1. CIGS is the material with the higher absorption coefficient between those 
used in thin film solar cells. 
2. CIGS has a bandgap that can be varied by changing the In/Ga ratio of the 
material. 
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3. It allows to achieve the highest efficiencies among the 2nd generation solar 
cells 
On the other hand, the advantages of the PED deposition of CIGS-based thin film 
solar cells compared to the other techniques can be summarized as follows: 
1. The PED allows to deposit complex materials (such as the quaternary CIGS) 
in a single stage by using the ablation process independently of phase 
diagram. 
2. The high energy transferred from the electron beam to the target and 
subsequently to the ablated material allows to reduce the substrate 
temperature, suggesting the use of thermolabile materials, ideal for flexible  
solar cells. 
3. PED process does not require additional post-growth treatments such as 
selenization. 
In the following Chapters the experimental setup used in deposition process and the 
techniques used to characterize the CIGS films obtained are described. 
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Chapter 3: Experimental details 
 
The CIGS films were grown using a commercial source PED (PEBS-20 by Neocera 
Inc.). The source allows to control the growth parameters, such as the acceleration 
voltage of the electron beam in the range 8-20 kV and the repetition pulse rate, 
usually settled at 10 Hz. Alumina tubes (3 mm internal diameter) are used for the 
collimation and the transport of the electron beam to the target. The PEBS-20 is 
installed in a vacuum chamber; a base pressure of 1x10-7 mbar is kept before the 
deposition, while Argon (5N purity) is used at 5x10-3 mbar working pressure during 
the film growth. The chamber is equipped with a load lock used for the insertion of 
the substrates, preventing the vacuum break inside the main chamber. A gate, 
through which the substrate is moved using a magnetic feedthorugh, separates the 
chamber and the load lock.  
Two distinct graphite susceptors heated by halogen lamps are located inside the 
chamber, the first is used during the growth process and the second for the post-
deposition heat treatments. The sample is heated (from the back side) by thermal 
radiation, and its temperature is continuously monitored and eventually adjusted 
during both the CIGS growth and the annealing step.  
The targets are glued on a carousel holder facing the PEBS sources, able to host 
four targets, enabling the sequential deposition of different materials simply by 
rotating the holder. Each of the four target rotates in order to homogenize the 
material erosion, leading to a more uniform ablation process; the target rotation 
speed can be adjusted according to the material and the source’s pulse rate. 
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3.1.1 Targets preparation 
All the targets used during this thesis are produced at IMEM-CNR; they can be 
divided into two categories: 
1. Precursor targets: Sodium Fluoride, NaF, typically used to dope CIGS with and 
increase the carrier concentration. This type of target is obtained by cold pressing 
NaF powders and by sintering the pellets at high temperature. Dense and compact 
target are required to increase the ablation efficiency in the PED technique. 
2. Absorber targets: CIGS-based targets. A number of different types of absorber 
targets have been made to investigate: 
a. different compositions (variation of the Ga/(In+Ga) ratio, from CIS to CGS) 
b. different doping materials (by incorporating Na in the target). The details for 
using these targets will be explained in details in the following Chapter. 
The process targets are synthesized from melt under pressure in a semi-closed 
system with radiofrequency heating, starting from the constitutive elements 
(99.999% purity). The grown CIGS ingots are finally cut in slices to obtain the PED 
targets (Fig. 3.1). 
 
Figure  3.1: Typical 1” diameter CIGS target for PED synthesized at IMEM. 
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3.1.2 Sample holders 
In the deposition chamber the metallic sample holder is placed 8 cm above the 
target. Depending on the substrate size and the heating mode, different holders 
have been realized: 
1. “Standard” sample holder. They are made of steel, suitable for different 
substrate sizes and shapes. The most used holders allocate 3 separated 
1”x1” (26x26mm2) square substrates (left side, in Figure 3.2) for conventional 
(graphite susceptor) heating. 
 
 
Figure  3.2: Standard sample holders 
 
2. “Joule heated” sample holder. It is essentially a conventional holder with two 
parallel Cu rods (Figure 3.3), connected to a 0-10V DC voltage generator and 
contacting a 25x25mm2 Mo coated-glass substrate. By using this 
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configuration, the generated DC current is forced to flow across the Mo film, 
thus heating the substrate (see Chapter 5). 
 
 
 
 
Figure  3.3 – Picture of the Joule heating sample holder (above). Representative scheme of the 
Joule heating sample holder (left) and the experimental setup (right). 
 
3. “Biased” sample holder: the same sample holder used for the Joule effect 
heating is employed, but with a different electrical contacts. The contacts are 
connected to the same voltage with respect to ground (target) in order to 
create a voltage difference between the target and the substrate without any 
flow of current trough the substrate. 
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3.2 Solar cell structure 
This section shows the standard structure of the solar cells and the growth 
processes of the individual layers, as represented in Figure 1.3 
 
3.2.1 Back contact 
The first layer of the solar cell is a molybdenum (Mo) film, acting as a back contact. 
Two types of back contact layers have been used: i) 500 nm sputtered Mo onto SLG 
substrates and ii) commercial Mo metalized substrate (by Singulus Technologies). 
 
3.2.2 Absorber layer 
The CIGS is the absorber layer, grown by PED from the stoichiometric target, as 
described at the beginning of this Chapter. The growth parameters and the 
thickness control (1.5 μm has been found to be optimal) will be discussed in the 
Chapter 4: Experimental results and discussion. 
 
3.2.3 Buffer layer 
Cadmium sulfide (CdS) is the typical buffer layer in CIGS-based thin film solar cell; 
it’s grown by CBD (Chemical Bath Deposition), a commonly used technique for its 
simplicity and low deposition cost. The CdS deposition is preceded by a wet 
treatment in ammonia (NH3) solution, primarily to “clean” the surface and to remove 
the surface oxides. The CdS film grows from a solution of ammonia and ammonium 
salts to maintain the pH value to 11, while the thiourea and cadmium salt provide 
the right concentrations of S2- and Cd2+ in the 2:1 ratio [1]. 
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3.2.4 TCO layer 
The final layer, to electrically and physically close the solar cell, is a thin film of 
aluminum-doped (2%) zinc oxide (AZO) grown by RF-Magnetron Sputtering, as 
TCO (transparent and conductive oxide. Both commercial (obtained by HIP, Hot 
Isostatic Press) and home-made targets (by synthering cold pressed ZnO and Al2O3 
powders) are used. 
A study on the AZO characteristics [2], as a function of the growth parameters 
(sputtering power, pressure, and distance target-sample), allowed to define the 
following working conditions: 
Power Argon Pressure Target-Substrate distance 
120 W    
 
5·10-3 mbar 8 cm 
Table 3.1: Optimized settings for AZO deposition process. 
 
The optimized AZO layer (30’ deposition time) shows good electrical and optical 
properties, as reported in Table 3.2. 
Thickness (nm) Resistivity 
(Ohm*cm) 
Trasmittance (%) 
890 ± 30 nm 
 
6,7x10-4 ± 
0,3x10-4 Ω·cm 
 
86 ± 3% 
 
Table 3.2: Typical characteristics of AZO layer grown by sputtering. 
 
No anti-reflection coating is deposited on top of the cell. 
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3.3 Characterizations  
The activity of the characterization of the CIGS-based thin film grown by PED can 
be divided into two main categories: 
1. in-situ characterizations, to monitor in real time both the chemical 
composition and the thickness of the growing layer 
2. post-growth characterizations,  to study the properties of the deposited films. 
 
3.3.1 In-situ characterizations 
Film thickness 
During the growth of the CIGS film a pyrometer was used with a twofold purpose. In 
the most common use, the pyrometer provides the temperature of the substrate from 
the emitted electromagnetic radiation, while in a less conventional way it gives the 
real-time measurement of the film thickness during the growth. 
The radiation due to the temperature of the heated substrate is monitored using a 
pyrometer (RAYTEK MARATHON MM), detecting the radiation wavelength = 8 μm. 
The pyrometer is placed perpendicularly to the substrate surface. By knowing the 
emissivity of the measured material, the exact temperature of the substrate is 
measured before the deposition process. The temperature variation of the substrate 
as a function of time is also a result of a second contribution due to the growing thin 
film interference. Since CIGS is transparent in the infrared range detected by the 
pyrometer, the infrared radiation coming from the hot substrate is reflected both at 
the substrate-CIGS and the CIGS-vacuum interfaces, modifying the optical paths of 
the infrared photons, reaching the detector with a phase shift. This shift leads to 
constructive and destructive interference of the detected light intensity, and the 
position of maxima and minima are related to thickness of the growing film, as clearly 
visible on the graph time vs. temperature shown in the Figure 3.4. 
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Figure  3.4: In situ measurements of heat radiation from growing CGS films as a function of time. 
The interference fringe extrema and the relating film thicknesses are indicated. 
 
The thickness, d, corresponds to the maximum and minimum according to the 
following equations: 
𝑚𝑎𝑥𝑖𝑚𝑎: 𝑑 =
(2𝑚 + 1)𝜆
4𝑛
 
𝑚𝑖𝑛𝑖𝑚𝑎: 𝑑 =
(2𝑚 + 2)𝜆
4𝑛
 
where n is the refractive index of the film, λ (= 8 μm) is the wavelength detected by 
the pyrometer, and m is the order of the maximum/minimum. In the case of CIGS (n 
= 2.70) the 1st maximum corresponds to a thickness of 750 nm, the 1st minimum at 
1500 nm, the 2nd maximum at 2250 nm and so on. Very simply, to achieve the 
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desired CIGS thickness (1.5 μm), the deposition is stopped on reaching the first 
minimum. 
Thermography 
Thermography (FLIR thermocamera T450SC) is used to obtain two-dimensional 
thermal images; the thermography physical principle is the same as pyrometry, but 
the signal can be detected from a wider substrate area. The temperature of different 
regions of the substrate can be simultaneously acquired in real time, thus generating 
a thermal map of the sample (Figures. 3.5-3.6). 
The use of a thermal imaging camera during CIGS growth has a double advantage: 
1. It allows the thermal mapping of the substrate to show temperature gradients. 
 
 
Figure  3.5: Thermo-image of two samples before the CIGS deposition 
 
2. Analogously to the pyrometer it enables to monitor the temperature variations 
and the thickness in real time during the film growth. Interestingly, it is 
possible to measure both the local film thickness and a real time map of the 
thickness distribution. 
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Figure  3.6: Substrate temperature during CIGS mid- (left) and end-growth (right), corresponding to 
the  temperature maxima and minima of interference fringes, respectively. 
 
3.3.2 Ex-situ characterization 
X-ray diffraction  
The X-ray diffraction (XRD) is utilized to analyze the presence of unwanted phases, 
the crystal structure and quality, and the (preferred) crystallographic orientation of 
the samples. In the case of CIGS thin films, the structural properties are studied 
using a Siemens D500 diffractometer, equipped with a Cu Kα X-ray source (λ = 1.54 
Å) in the Bragg-Brentano geometry. Possible strain due to lattice mismatch can also 
be detected by the position shift of the XRD reflections in the pattern. 
UV-Vis Spectroscopy  
UV-Visible spectroscopic analysis aims to investigate the optical absorption and the 
reflectivity of the films, using a commercial spectrophotometer (Jasco-155). 
UV-Vis spectrometry is also used to calculate the materials optical energy gap; 
when the energy of the incident light reaches the energy gap (Eg) value in a 
semiconductor, it starts to absorb the incident radiation, promoting electrons from 
the valence band to the conduction one (valence-to-conduction band transition). 
In direct bandgap semiconductors, such as CIGS, the photon absorption in the 
bandgap region is defined by the equation: 
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𝛼ℎ𝜈 = 𝐴(ℎ𝜈 −  𝐸𝑔)
1
2, 
where α is the material absorption coefficient, hv is the energy of the incident 
photons, A is a multiplicative constant and Eg is the value of the energy gap. 
The energy gap can be easily derived from the intercept on the axis of the energies 
of the linear part of the graph (αhν)2 as a function of hv (the so-called Tauc plot). 
The UV-Vis spectrometry is also employed to measure the thin films thickness. In 
analogy with the methods previously described, the physical principle is the 
interference phenomenon that occurs when the film thickness have the same order 
of magnitude of the incident wavelength. The incident radiation is subjected to 
multiple reflection at the substrate-film and film-air interfaces, leading to a phase 
shift and hence to constructive and destructive interferences depending on the film 
thickness. 
 
3.3.3 Electric characterization 
Photovoltaic Conversion 
The photovoltaic cells technology is based on the photoelectric effect. When a p-n 
junction is hit by a photon, if it has enough energy, it excites an electron, jumping 
from the valence band to the conduction band. In this way, an electron-hole pair is 
created. In absence of an internal electric field, the carriers crosses the barrier 
between the p and n region to recombine [3]. 
The solar cell is based on a hetero-junction interface between two semiconductors 
with different energy gap. The semiconductor with the smaller band gap is known 
as "absorber". The semiconductor with the largest band gap is known as "window". 
The output current of the circuit is: 
𝐽 = 𝐽𝐿 −  𝐽𝐷 −  𝐽𝑆𝐻 
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where JL is the photo-generated current, Jd the diode current and JSH current shunt. 
The equivalent circuit of a solar cell is shown in Figure 3.6. 
 
 
Figure 3.6: Equivalent solar cell circuit (A), J-V characteristics of solar cell under dark and light 
illumination (B) [3]. 
 
The shunt current is equal to: 
𝐽𝑆𝐻 =  
𝑉𝑗
𝑅𝑆𝐻
 
The voltage can be written as 
𝑉 = 𝐽𝑅𝑆 − 𝑉𝑗 
Where RS is the series resistance, Vj is the diode voltage and RSH the shunt 
resistance. In the dark a solar cell is equivalent to a diode and it can be represented 
by the Shockley equation: 
𝐽𝐷 =  𝐽0  [𝑒
(
𝑞𝑉𝑗
𝐴𝑘𝐵𝑇
)
− 1] 
where J0 is reverse saturation current, q is electron charge, A is diode quality factor, 
T is temperature and kB is Boltzmann constant. Using the previous expressions, the 
equation that describes the operation of photovoltaic cell can be written: 
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𝐽 =  𝐽0  {𝑒
[
𝑞(𝑉−𝐽𝑅𝑆)
𝐴𝑘𝐵𝑇
]
− 1} +  (
𝑉 − 𝐽𝑅𝑆
𝑅𝑆𝐻
) −  𝐽𝐿 
The parameters that describe the photovoltaic characteristics of solar cell are four: 
1. Open-Circuit Voltage (VOC): It is the voltage measured when J = 0. 
2. Short-Circuit Current (JSC): It is the current measured when V = 0. JSC is a 
function of the photons number that illuminate the solar cell. 
3. Fill Factor (FF) is the ratio between the maximum power produced by the 
photovoltaic cell, corresponding to the product JSCxVOC (Figures 3.6). FF 
mainly depends from parameters such as series resistance and shunt 
resistance and describe the cell stability. 
𝐹𝐹 =  
𝐽𝑚𝑉𝑚
𝐽𝑠𝑐𝑉𝑜𝑐
 
where Jm and Vm are the current and voltage corresponding to the maximum 
power point respectively (figure 3.6). 
4. Efficiency (η): the efficiency of a photovoltaic cell is described by the 
equation: 
𝜂 =  
𝐽𝑚𝑉𝑚
𝑃𝑖𝑛
 
where Pin is the total input power to the cell. 
 
J-V measurement 
J-V measurements are typically carried out under standard lighting conditions: 100 
mW/cm2 with spectrum AM1.5° 25 °C, in order to compare and qualify the 
photovoltaic cells. To measure the current-voltage characteristic of a solar cell under 
illumination (using a solar simulator ABET SUN 2000), the voltage is applied to the 
device and the corresponding current produced is measured. 
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C-V measurement 
The techniques to measure the capacitance are based on the analysis of a p-n 
junction capacitance variation as a function of the electric excitation. The application 
of these techniques allows to unveil the electrical properties of semiconductors 
forming the p-n junctions, such as the concentration profile of the charge carriers, 
the extension of the space charge region and to study the electrical characteristic 
parameters (energy and concentration) of deep levels in the space charge region. 
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Chapter 4: Results and discussion 
– Part 1 
 
The main purposes of this thesis have been the study and optimization of pulsed 
electron deposition technique for the production of efficient and economic 
photovoltaic cells. 
In the course of this Chapter, the following experimental activities and the 
corresponding results will be shown. 
1. Implementation of a low-temperature PED route for the deposition of high 
quality crystalline CIGS absorber layers, enabling the solar cell fabrication 
even on flexible and low melting point substrates. 
2. A successive research labor is focused on the p-type doping of CIGS films in 
a low temperature deposition process. Since Na thermal diffusion from the 
glass, essential to enhance CIGS free carrier concentration and hence the 
cell efficiency, is hampered at low substrate temperature, an alternative 
approach based on the deposition of a NaF precursor prior to the CIGS has 
been tested. The dependence of the electrical properties of both CIGS and 
the corresponding solar cells are reported in the second paragraph of the 
Chapter.  Thanks to the optimization of the NaF thickness, 15% efficient cells 
have been obtained on a 0.1cm2-wide area. 
3. A further study concerns the investigation of the role of CIGS post-deposition 
annealing on the solar cell performance. An optimized CIGS annealing 
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process enabled a better Na diffusion on large area allowing the 
enhancement of the cells efficiency up to 16% on larger areas (> 6cm2).  
4. The insertion of an additional layer of undoped ZnO into the solar cell 
architecture has been found to minimize the influence of resistivity losses on 
the cell fill factor. Such a solar cell architectures with Fill Factors > 75% and 
efficiencies > 18% have been obtained. 
5. Since theoretical models predict a great efficiency enhancement (up to 28%) 
if single-crystal CIGS absorber layers are used, the optimized low 
temperature process has been finally tested also on Germanium epitaxial 
substrates. The unique structural, optical and electrical properties of single 
crystal CIGS films grown by PED will be shown.  
  
4.1 Optimization of the substrate temperature 
As already mentioned in Chapter 2, the high energy distribution of PED primary e-
beam allows a great stoichiometric target-to-substrate transfer of complex multi-
elemental materials in a single stage. Moreover the high kinetic energy of PED 
adatoms allows to deposit ordered layers even at low substrate temperatures. The 
former peculiar feature of PED technique was capitalized by using quaternary CIGS 
starting target with the desired final composition. The latter PED distinctiveness was 
exploited by applying the study of the growth temperature to a very large from room 
temperature (RT) to 500°C. For better understanding the materials characteristics 
and in order to find the best growth conditions, targets with different GGI ratios 
(varying from 0 to 1), have been created. This helped to understand the dependence 
of the physical properties of CIGS with different GGI ratios on the substrate 
temperature, thus obtaining the optimized recipe (target composition and 
temperature). This study is shown below.  
Prior to this Thesis, a study about the compositional and structural properties of 
Cu(In0.7,Ga0.3)Se2 (GGI = 0.30) depending of the substrate temperature, was 
already carried out [1]. During this Thesis, the former analysis was completed by 
ranging the GGI ratio between 0 and 1. 
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The results are consistent with the study previously carried out, leading to the 
foremost conclusion that the behavior of compositional and structural CIGS 
properties on the substrate temperature is substantially independent on the GGI 
ratio. For this reason the results shown below refer only to the case of CGS films 
(GGI=1) case [2]. The same trend of the physical properties vs. temperature is 
followed in the case of starting targets with different CGI ratios. 
A list of compositional and structural properties of CGS films deposited on soda-
lime glass (SLG), as a function of substrate temperature, Tg, is shown in Table 4.1. 
 
Tg [°C] Cu/Ga %Cu %Ga %Se 
RT 0.71 18.7 26.4 54.9 
100 0.79 20.4 25.8 53.8 
200 0.76 20.4 26.8 52.8 
300 0.77 20.5 26.5 53.0 
400 0.94 23.1 24.5 52.4 
450 0.92 22.2 24.1 53.7 
475 0.96 23.5 24.4 52.1 
Table 4.1: Growth temperature and compositional properties of CGS films grown on SLG 
substrates. 
 
From the compositional point of view, all the samples exhibit a slightly Cu-poor 
stoichiometry. EDS measurements show that Cu content is dependent on the 
temperature, increasing linearly from 18.7% to 23.5% by rising Tg from room 
temperature (RT) to 475 °C. On the contrary, Ga ratio remains very close to the 
target level of 25% at all temperatures. Consequently the [Cu]/[Ga] ratio is strongly 
influenced by the sample temperature, as one can see from table 1: lower 
temperatures promote a reduction of [Cu]/[Ga] ratio value down to 0.71 at RT, while 
at Tg≥400 °C the ratio tends to be ≈1, as measured in the starting target. Se 
concentration is influenced by the substrate heating as well, varying from ≈55% at 
RT to 52% at 475 °C. The variation of the sample composition vs. Tg is driven by 
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ablation mechanisms [1]. The sample grown at RT is useful to understand the 
phenomenon: when the substrate is unheated, the composition of the film reflects 
the elemental flux inside the expanding plume, hence Se evaporating from the target 
appears to be in excess with respect to Cu ([Se]/[Cu]=2.9), while Ga content remains 
substantially constant ([Se]/[Ga]=2.1). 
This differential transfer of species has been demonstrated to be due to the typical 
poly-energetic distribution of pulsed e-beams [3], generated by the PED sources. 
Depending on the electrical parameters of the source and on the Ar pressure inside 
the hollow cathode, a continuous energetic distribution of electrons, from few eV to 
15 keV, is produced. Faster electrons (>1 keV) are able to penetrate inside the 
target, releasing on it a very high amount of energy and thus achieving a congruent 
and stoichiometric evaporation of the material. Slower electrons interact only with 
the target surface, and the low energy generated by the beam impingement is only 
able to heat the surface. This leads to a further incongruent evaporation and 
enhances the presence of Se, the most volatile element, inside the plasma plume. 
When the substrate is heated beyond the melting point of Se, its surplus in the 
growing films, subjected to re-evaporation, and the content of this element in the 
film is reduced. It is important to note that this mechanism induced by PED is proved 
to be identical to a real-time selenization, since the film experiences a Se vapor 
overflow during the growth. The employment of a Se overflow is a feature which is 
common to other physical deposition techniques, such as thermal co-evaporation: 
whereas in this latter a Se/metal flux ratio higher than 4.5 is requested in order to 
completely form a single CuGaSe2 chalcopyrite phase, due to the low sticking factor 
of Se vapor [4], in PED process flux ratios of [Se]/[Cu]=2.9 and [Se]/[Ga]=2.1 are 
sufficient to grow CGS films, avoiding the formation of secondary metal phases. 
From the structural point of view, substrate temperature plays a key role on the 
enhancement of crystal quality and on the preferential orientation of growing CGS 
grains. The θ/2θ XRD diffraction patterns of CGS films grown at different 
temperatures are reported in figure 4.1. An important feature of these samples is 
the crystalline structure of films even when grown at low temperatures: except the 
RT-grown film, all the samples deposited at Tg≥100 °C show a crystalline phase. 
This aspect is strictly related to the distinctive energetic nature of vapors produced 
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by ablation techniques: driven by their high kinetic energy (1–10 eV), the impinging 
adatoms have sufficient energy to reorganize in an ordered way on the growth front 
surface, leading to the formation of a crystalline arrangement [5]. 
 
 
Figure 4.1: XRD patterns of CGS films deposited on glass at different substrate temperatures, Tg, as 
indicated in the figure [2]. 
 
Another peculiar structural aspect of PED-grown CGS films is the dependence of 
the preferential out-of-plane orientation degree as a function of the substrate 
temperature. The orientation degree of a layer, C<hkl>, along an <hkl> direction 
(where h, k and l are the Miller indices) is defined from the following formula; 
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C<ℎ𝑘𝑙>(%) =  
𝐼<ℎ𝑘𝑙>
𝐼<ℎ𝑘𝑙>
0
∑
𝐼<𝑖>
𝐼<𝑖>
0<𝑖>
∙ 100 
 
where I<hkl> is the measured intensity of the <hkl> reflection of CGS, I0<hkl> is the 
tabulated intensity [6], I<i> and I0<i> are, respectively, the measured intensity of the i‐
reflection and the tabulated one. Depending on the growth temperatures, CGS films 
are characterized by two preferential orientations, as it is shown from Table 4.2.  
 
Tg [°C] %C<112> %C<220> 
RT amorphous amorphous 
100 2.0 98.0 
200 1.0 99.0 
300 7.0 89.0 
400 6.0 92.0 
450 29.0 39.0 
475 77.0 9.0 
Table 4.2: Growth temperature and structural properties of CGS films grown on SLG substrates. 
 
At temperatures between 100 °C and 400 °C, CGS grains are almost totally aligned 
along the <220> direction, while when the substrate is heated at Tg>450 °C, the 
<112> orientation becomes preferential,. 
The morphological analysis performed by SEM confirms the XRD data about grain 
dimensions and crystallinity of CGS samples. In Figure 4.2 a comparison about 
morphological appearance between two samples, grown at extreme conditions, RT 
and 475 °C, is represented: while at RT the film is completely amorphous (Figure 
4.2a), at 475 °C a grain structure is clearly visible: a columnar assembly of CGS 
grains, with average lateral dimensions of 150 nm, is present (Figure 4.2b). 
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Figure 4.2: SEM images of CGS films deposited at two extreme substrate temperatures: RT (a) and 
475 °C (b)–(c). [2] 
 
 
The analysis of the compositional and structural properties as a function of 
temperature demonstrated that the crystal quality is strongly correlated with 
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substrate temperatures. X-ray measurement confirms that temperatures between 
200 °C and 400 °C are needed to deposit an oriented <220> polycrystalline film. 
Compositional measurements show that when the temperature exceeds ≈300 °C 
the Se content in the film decreases. This can be justified by the Se re-evaporation 
from the substrate when the temperature exceeds the Se melting point. While in 
CGS this latter reaches a minimum value of 52% at 475°C, in the case of lower GGI 
ratio, it decreases well below 50%. As described in Chapter 2, Se-poor films contain 
a high number of vacancies (VSe) operating as donor centers that compensate the 
free hole concentration in the CIGS. For this reason a compromise temperature 
between 250 °C and 300 °C has been selected for growing CIGS films, 
independently on the GGI ratio. 
From the structural properties of the films, it must be noticed that PED technique 
allows to achieve crystalline CIGS by applying a substrate temperature much lower 
than the standard methods currently used [7]. This implies that CIGS solar cells 
could be fabricated by PED at a temperature < 300°C even on low-melting-point 
plastic and flexible metal tapes. 
 
4.2 Sodium doping in PED deposition 
As previously mentioned, the Na incorporation standard method is the thermal 
diffusion from SLG promoted at high temperature [8]. At temperatures <300°C Na 
diffusion from the solar cell substrate is hampered, hence an alternative method to 
allow Na doping in CIGS is required. From the technological point of view, the best 
Na doping method for PED technique is the precursor approach: a NaF layer is also 
deposited by PED before the CIGS. This approach exhibits a triple benefit: 
1. NaF deposition can be attained using the same vacuum chamber and PED 
source for CIGS, using a multi-target caroussel.  
2. Na is directly diffused into the absorber layer during the CIGS growth 
process. 
3. Na is not forced to diffuse through the Mo back contact. 
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The precursor layer route enhances the solar cell efficiency with respect to the 
previous cells made by PED. Using the standard doping method (diffusion from the 
SLG), high deposition temperatures (500 °C) were needed to reach maximum 
efficiencies > 7% [1]. 
Since the properties of PED-deposited films crucially depend on the target 
morphology and composition, the recipe for the synthesis of NaF target was the 
result of a thorough optimization process. High-density cylindrical slices of NaF were 
prepared by a cold pressing process, followed by a powder sintering treatment at 
900 °C for 12 h. 
The substrates used in this study were made depositing a 500nm-thick molybdenum 
layer by DC sputtering on a commercial SLG slice (25x25 mm2 wide and 1 mm thick) 
at room temperature, according to a bilayer structure described in reference [9]. 
Prior to the growth process, the substrate is heated at 80 °C. A low e-beam 
acceleration voltage = 12 kV with a repetition rate = 10Hz was applied for the NaF 
ablation in order to reduce the droplet generation from the target. Moreover at this 
voltage a higher precision in the thickness control can be obtained.  
Different thicknesses of NaF precursor layer were deposited in order to find the right 
amount of Na to be embedded into the CIGS film. The NaF thickness was ranged 
between 0 to 40 nm. The aim was to find the thickness value leading to an optimal 
doping concentration in the absorber (between 5x1015cm-3 and 5x1016cm-3). The 
NaF thickness was calibrated by an “ex-situ” approach, since no real time 
measurements are achievable in our PED system and also IR interference cannot 
give any information about the NaF thickness range taken into consideration (see 
Chapter 3). 
Therefore a post-process calibration was necessary to calculate the growth rate, 
expressed as nm/pulse. In the first step a NaF film with a thickness of about 1 μm 
was deposited on glass. In the micrometer range the NaF thickness can be 
measured by Reflectivity analysis using an UV-Visible spectrophotometer, as 
described in Chapter 3. Many calibration tests were done using different thicknesses 
to confirm that the growth rate does not change during deposition. It turned out that 
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a single PED pulse with an acceleration voltage of 12 kV is able to deposit 0.02 nm-
thick NaF film. By dividing the desired nominal NaF thickness (0, 15, 30 and 40 nm, 
respectively) over the deposition rate value (0.02 nm/pulse), the number of required 
PED pulses has been calculated. A 1.6 micron-thick CIGS film has been 
subsequently deposited by switching the target under the PED source CIGS layer 
and without breaking the vacuum,. The CIGS deposition temperature was kept at 
270 °C. The CIGS thickness was monitored during the whole growth using an IR 
pyrometer, as described in the previous Chapter. The CIGS deposition was carried 
out by PED using an e-beam acceleration = 16 kV and a repetition rate = 10 Hz. 
These growth parameters were set to obtain a p-type Cu-poor CIGS film with GGI 
= 0.30. After the CIGS growth, a 20 minute-long annealing treatment at a 
temperature of 300°C was made to finalize the sodium diffusion in CIGS layer. 
4-point probe measurements using Van der Pauw technique allowed to know the 
electrical resistivity and to estimate the free carrier density of CIGS films, by 
considering an electron mobility of 10 cm2/Vs. 
 The electrical properties of Na-doped CIGS films grown on glass are reported in 
the Table 4.3. 
 
PED Pulses NaF Thickness 
(nm) 
CIGS Resistivity 
(Ω cm) 
CIGS estimated free 
carrier density (cm-3) 
0 0 4000 1.5x1014 
800 15 900 6.9x1014 
1600 30 100 6.2x1015 
2130 40 2 3x1017 
Table 4.3: Electrical properties of Na-doped CIGS films grown on glass as a function of the NaF 
thickness. 
 
When NaF thickness >30 nm, a detachment of the CIGS film from the Mo surface 
is always noticed, probably due to the structural weakening of the CIGS caused by 
an excessive sodium quantity between the crystal grains [10]. Therefore the film is 
not compact and it is crumbled after a short time exposure in air. From these 
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experiments an optimum NaF thickness value = 30nm has been found to enhance 
the CIGS free carrier concentration without affecting the mechanical stability of the 
multilayer structure. 
To better understand the doping process of the absorber layer and the sodium 
diffusion the experiment was repeated, by depositing different NaF thicknesses and 
by changing the GGI ratio of CIGS. The table shows the results for CGS films 
(GGI=1). 
 
PED Pulses NaF Thickness 
(nm) 
CGS Resistivity 
(Ω cm) 
CGS estimated 
carrier density (cm-
3) 
1600 30 6.2x1014 6.2x1012 
2130 40 3.1x1014 3.1x1013 
2660 50 1900 3.3x1014 
3200 60 360 1.7x1015 
3730 70 70 8.8x1015 
Table 4.4: Number of PED pulses, NaF thickness  and properties of CGS/NaF films grown. 
 
The comparison between the data in Table 4.3 and Table 4.4 indicates that the CGS 
doping level is lower than that of CIGS, despite the same thickness of NaF layer 
was deposited. Therefore to obtain a resistivity around 100 Ωcm, suitable for 
attaining high cell efficiencies, a thicker NaF layer prior to the CGS deposition is 
needed. These experimental results demonstrate that the sodium diffuses deeper 
into CIGS than into CGS. This could be due to a higher concentration of Cu 
vacancies into CIGS compared to CGS, which are the main Na diffusion sites in 
CIGS [11]. 
For what concerns CIGS with GGI=0.30, the optimized NaF layer (30nm-thick) was 
then inserted in the following solar cell architecture: 
Al:ZnO/CdS/CIGS/NaF(30nm)/Mo/Glass [12].  
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A 70 nm-thick buffer layer of CdS was deposited on CIGS by chemical bath 
deposition technique, then the sample was transferred to a second PED chamber 
for the deposition of a 250 nm-thick TCO of ZnO:Al. No undoped ZnO was deposited 
between CIGS and TCO. Finally, test solar cell devices were fabricated by 
evaporating 1.5 mm diameter circular Al top contacts through a shadow mask. The 
cell size (0.15 cm2) was defined by mechanical scribing and no antireflection coating 
was applied. The solar cell architecture is displayed in Figure 4.3.   
 
 
Figure 4.3: Representative scheme of the solar cell architecture: the thickness of the constituent 
layers, together with their growth temperature and the respective deposition technique are 
indicated [12]. 
 
 
The net carrier density in the CIGS light-absorbing layer was estimated from the 
capacitance-voltage (C-V) characterization of the solar cell structure. Figure 4.4 
shows the C-V profile at 120 K obtained by using an AC test signal with 25 mV 
amplitude at a frequency of 1 MHz. At this temperature, only free carriers are 
expected to respond to the test signal and the "freeze out" of the majority carriers 
should be negligible [13 14]. 
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Figure 4.4: C-V profile obtained on the full solar cell stack; the applied DC bias goes from +0.5 to -1 
V, the area of the investigated junction is 0.15 cm2 [12]. 
 
Furthermore, to avoid metastability effects, the sample was cooled down with no 
applied voltage after being kept in the dark for 1 h at 330 K [15].The experimental 
profile exhibits the typical U-shape with a minimum corresponding to a depletion 
layer width of about 350 nm. Following the procedure proposed by Cwil [13], the net 
acceptor concentration NA is estimated at the minimum of the C-V profile and turns 
out to be about 6.2x10-15 cm-3, in agreement with the value estimated in the 
corresponding CIGS/NaF/Glass samples (Table 4.3). The apparent increase of the 
doping level towards the back contact (depletion layer width > 400 nm) could be 
attributed to the accumulation of static charge in deep acceptors present in 
concentrations much higher than NA [13]. Apart from a slightly lower NA value, the 
observed C-V characteristic is qualitatively similar to those reported in the literature 
for high efficiency CIGS solar cells prepared by more conventional growth 
techniques. 
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Figure 4.5: Current-voltage characteristics of CIGS solar cells, measured at 25 °C under AM 1.5G 
(100 mW/cm2) illumination [12]. 
 
Figure 4.5 shows the solar cell J-V characteristic and the parameters are given in 
the Table 4.5. 
 
Area (cm2) Voc (mV) Jsc (mA/cm2) FF (%) Efficiency (%) 
0.15 584 37.5 69.4 15.2 
Table 4.5: Photovoltaic parameters of CIGS-based cells fabricated at Tsub < 300 °C. The top metal 
contacts are excluded from the estimation of the illuminated area. 
 
 
A quantitative electron beam induced current (EBIC) analysis was carried out in a 
scanning electron microscope fitted with a current amplifier and a high-resolution 
digital image acquisition system. A sequence of 11 digital maps of the EBIC signal 
generated by the electron beam while scanning the solar cell top surface were 
collected at different beam accelerating voltages between 7.5 kV and 32.5 kV at a 
constant beam current of 30 pA. Each image was processed to obtain a statistical 
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distribution of the EBIC gain (generated current/beam current) over the 2048x1536 
pixels of the map. All the histograms exhibit a narrow Gaussian peak with a FWHM 
between 6.5% and 10% of the peak EBIC gain. By fitting the peak EBIC gain data 
to the number of e-h pairs generated by the scanning beam as computed by a Monte 
Carlo simulation [16], a step-profile of the charge collection efficiency was obtained 
as a function of depth from the top surface of the cell. The profile shown in Figure 
4.6 includes the contribution of both diffusive and depletion region whose width was 
estimated to be 350 nm from the C-V measurements. 
 
 
Figure 4.6: Average charge collection efficiency as a function of distance from 
the top surface of the cell as obtained from EBIC. [12] 
 
The collection efficiency is negligible on the n-side of the junction and reaches a 
maximum just below 90% at a distance of about 500 nm below the interface between 
CIGS and CdS. This result not only provides evidence that the CdS/CIGS physical 
interface acts as a strong carrier recombination center but also indicates that the 
actual depletion region is located well inside the CIGS layer. 
These data demonstrate that efficiencies higher than 15% are achievable by 
accurately controlling the Na doping into the absorber layer. The use of a NaF 
precursor layer led to an enhancement of the conversion efficiency (15.2%) with 
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respect to that obtained using Na diffusion from the glass substrate at high 
temperature (7.2%). These results obtained by low temperature PED route become 
comparable to those obtained at high temperature by standard techniques [17], 
which are based on complicated multi-steps for accurately control the film 
composition. Otherwise the results of this Thesis activity were obtained by a single-
stage stoichiometry transfer process without needing further treatments to correct 
the chemical composition of the absorber layer. Moreover, the low PED growth 
temperature < 300 °C, allows the adoption of sodium-free glasses or low melting 
plastics as alternative substrates. 
 
4.3 Towards 18% efficient solar cells 
The efficiency increase in solar cell requires not only an optimized absorber layer, 
but each individual films in the cell architecture must be engineered. Many 
challenges as rough morphology, high resistivity and poor transparency of both 
CIGS and subsequent layers can reduce the electrical performances. 
As previously described and confirmed by the results, Na doping is essential for 
passivating the CIGS grain boundaries: if Na diffusion is not sufficiently induced 
during the CIGS deposition, recombination shunts can be created at the CIGS/CdS 
interface. A reproducible Na diffusion from the NaF layer through the CIGS 
thickness and also a uniform doping content over the whole cell area are then 
needed to limit resistance losses given by such shunting paths, which lowers the 
cell performance, in particular the Voc. An improved reproducibility in the Na doping 
can be attained by applying a correct post-deposition thermal annealing: this activity 
is described in the first paragraph of this section. Further progress can be 
succeeded if the shunt resistance of the cell is increased by inserting a high 
resistance ZnO layer. On the other hand by depositing a metal front contact with the 
right shape and geometry to compensate resistive losses in the Al:ZnO layer, even 
Jsc and FF can be increased. 
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4.3.1 Optimization of post-growth annealing process 
To minimize the non-uniformity of the solar cell performances, in particular the 
spread of the Voc values over the whole cell area, Na diffusion process into the CIGS 
must be engineered even after the deposition process. A post-growth annealing 
treatment is useful to modify the Na diffusion profile in CIGS. Two main parameters 
can be tuned during the annealing process: temperature and time. For what 
concerns the temperature, annealing treatments > 300°C induce the Se re-
evaporation from the deposited film, thus leading to the same electrical 
compensation mechanism described in the previous part. For this reason a 
maximum annealing temperature = 300°C was kept, while the effect of the annealing 
duration on the cell performance has been analyzed.  
In this study the fabrication of CIGS and the other layers of the cells followed the 
procedure described in the last paragraph, while only the duration of the post-growth 
annealing process was varied between 0 (as-grown sample) and 80 minutes. Solar 
cells with an active area of 4 cm2 were processed. The J-V characteristics of the 
corresponding devices are shown in Figure 4.7 and the related cell parameters are 
summarized in Table 4.6. 
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Figure 4.7: Comparison between JV characteristics of different annealed solar cells and not 
annealed solar cell. 
 Table 4.6: Photovoltaic parameters of different annealed CIGS-based cells. 
 
A monotonic increasing of all the cell parameters (Jsc, Voc, FF, ETA) by extending 
the annealing duration can be clearly noticed. In particular the application of the 
annealing treatment seems to greatly enhance the values of FF and Voc, 
respectively, with respect to the as-grown sample. 
 A B C D 
Annealing Time (minutes) 0 20 40 80 
VOC (mV) 278 555 555 580 
JSC (mA/cm2) 25.1 26.3 35.3 33.0 
FF (%) 33 52 62 67 
η (%) 2.3 7.6 12.1 12.8 
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An increase of the annealing time (from 20 to 80 minutes) allows a significant Jsc 
improvement (from 25 mA/cm2 to 33 mA/cm2). Annealing time of 80 minutes can 
further improve the performance due to large area uniformity. In this case efficiency 
close to 13% on areas of 4 cm2 was obtained. Certainly longer post-growth 
annealing treatments increase the cell uniformity over larger areas. In this case 
12.8% efficiency over 4 cm2 wide area must be compared to previous 15.2% 
efficiency record over an area 25 times smaller (0.15 cm2). 
 
 
4.3.2 Structural solar cell improvement: i-ZnO layer 
A good crystal quality and thus a large grain size are usually desirable for 
polycrystalline absorber films, since grain boundaries can act as potential 
recombination centers for photogenerated electron-hole pairs. This is due to high 
defect densities, impurity segregation, and carrier collecting fields often found at the 
grain boundaries [9]. Furthermore, grain boundaries extending from top to bottom 
of the absorber film can act as recombination paths reducing both the parallel 
resistance of the device and the Voc.[18]. When these paths are present, the electron 
charges separated across the p-n junction exploit the former to flow the junction 
backward, reducing the Voc values across the cell. 
To overcome this problem it is necessary to create a high-resistance paths for the 
recombination current. This has been possible by the insertion of a new high-
resistivity thin layer into the cell structure (Figure 4.8). 
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Figure 4.8: Representative scheme of the solar cell architecture: the thickness of the constituent 
layers. 
 
The presence of an intrinsic zinc oxide (i-ZnO) layer creates a high resistance path 
along the perpendicular direction to the junction, reducing the shunting currents. 
Undoped ZnO is a material with a resistivity significantly higher (>102 Ωcm) than that 
of Al:ZnO (<10-3 Ωcm), but retaining high optical transparency in the visible range 
(>90%). 
The i-ZnO thin films have been grown by RF-Magnetron Sputtering. The commercial 
target used  is obtained pressing ZnO powders by a Hot Isostatic Press equipment. 
The study of the i-ZnO characteristics by varying some growth parameters (such as 
sputtering power, pressure, temperature and target-sample distance) allowed to 
obtain a capable recipe to maximize solar cell efficiency by minimizing the effect of 
the defects present in the material. The main goal was to obtain a very thin ZnO 
layer exhibiting very high resistivity and optical transmittance > 85% in the visible 
range. The best undoped ZnO sample was obtained by applying a RF power = 120 
W and a Ar background pressure = 5x10-3 mbar. Its electrical and optical properties 
are summarized in Table 4.7. 
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Thickness (nm) Resistivity (Ωcm) Trasmittance (%) 
120 >105 ohm cm 90 
Table 4.7: Standard electrical and optical properties of undoped ZnO layer. 
 
Roughly speaking, if a shunted region or grain is present in CIGS films, such a 
resistive ZnO thin layer creates an electrical path parallel to the layer surface with a 
shunt resistance > 106 ohm, hindering the presence of parasitic parallel currents. 
The presence of i-ZnO is automatically reflected on the solar cell performance. In 
Figure 4.9 the illuminated J-V characteristic of a i-ZnO based CIGS solar cells 
(active area = 0.1cm2) is shown. 
 
 
Figure 4.9: Current-voltage characteristics of CIGS solar cells, measured at 25 °C under AM 1.5G 
(100 mW/cm2) illumination. 
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The enhancements of both FF (from 0.69 to 0.73) and Jsc (from 37.5 mA/cm2 to 38.0 
mA/cm2) are the most evident improvements led by the insertion of a i-ZnO layer. 
 
 
Figure 4.10: Average charge collection efficiency as a function of distance from 
the top surface of the cell as obtained from EBIC. 
 
By fitting the peak EBIC gain data to the number of e-h pairs generated by the 
scanning beam as computed by a Monte Carlo simulation, the results are shown in 
Figure 4.10. Average charge collection efficiency as a function of distance from the 
top surface of the cell.  
Confronting the two figures regarding the charge collection as a function of surface 
depth in the solar cell at 15% efficiency (earlier descripted) with this one it appears 
that in both cases the junction does not correspond with the CdS/CIGS physical 
interface. This result is also confirmed by the CV measurements previously shown. 
In both cells the depletion region is localized inside the CIGS layer and a maximum 
charge collection efficiency of about 90%, is observed.  
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4.3.3 Design of solar cells with η = 18.75% 
If Fill Factor values higher than 0.7 must be obtained, the charge collection of the 
cell must be optimized. To meet this requirement, the quality of cell contacts 
becomes crucial. In particular the geometry, the position and the size of the top 
contact must be studied to minimize the effect of the series resistance across the 
TCO layers. 
In order to optimize this point a mathematical model for the power loss minimization 
[19], depending of the distance covered by the electrons inside the TCO to reach 
the cell top contact, was used. The power loss is depending of three different 
contributions. 
1. Resistivity of the TCO: the lower the resistivity, the greater the charge 
collection. 
2. Resistance of the contact: depending of the geometry and resistivity of the 
metal contact. 
3. Shadow of the contacts: the presence of the contacts generates a shaded 
zone on the cell surface 
The model used includes a contact geometry with a finger structure. In order to 
realize the simulation, a resistivity of the TCO of 6x10-4 Ωcm and a geometry of the 
contacts composed by fingers in Al (2x10-8 Ωm) with a length of 10mm, a width of 
100 μm and a thickness of 1 μm, was used. The graph shows (Figure 4.11) the trend 
of the power loss depending of the spacing between the finger. 
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Figure 4.11: Simulated trend of power loss as function of finger spacing. 
 
Following this model, a of 0.15 cm2 wide cell with a single Al finger, where the 
maximum distance from the maximum distance between the contact and the cell 
edges is comparable to the finger spacing minimizing the loss [19], was realized. 
The J-V characteristic of the best solar cell is shown in Figure 4.12. 
 
 
Fabrication of high-efficiency Cu(In,Ga)Se2 solar cells  
by Pulsed Electron Deposition technique 
 
 
 
86 
 
 
Figure 4.12: Current-voltage characteristics of CIGS solar cells, measured at 25 °C under AM 1.5G 
(100 mW/cm2) illumination. 
 
The improvement in FF, from 0.73 to 0.76 is representative of the best efficacy of 
the charge collection as a result of the optimization of the geometry of the contacts 
and cell size. 
18.75% was the highest efficiency achieved during this work and it is important to 
take into account that has been achieved by using an innovative technique that 
allows CIGS absorber layer deposition in a single stage and at temperature 200 °C 
lower than the standard fabrication conditions. In addition, the result was achieved 
by depositing a CIGS layer uniformly without any compositional grading into the film. 
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4.4 Wide area uniformity increase: 6cm2 area 
solar cell 
By exploiting the results obtained studying sodium diffusion and the improvement 
due to the i-ZnO layer, it was possible to analyze the photovoltaic characteristics 
performance as function of the area. In Figure 4.13 the picture of the cell achieved 
for this work is shown. A 2.5x2.5 cm2 size solar cell was created. To cell growth was 
used a prolonged annealing, 80 minutes to improve the maximum sodium diffusion. 
Following, after CdS deposition, 120 nm thick i-ZnO was deposited to minimize the 
shunt effect of in the cell. 
The electrical characteristics uniformity of the cell was studied by dividing the area 
into 16 sub-cells of equal size (0.18 cm2), aluminum contact was deposited on each 
cell to improve the charge collection, as shown in Figure 4.13. 
 
 
Figure 4.13: Picture of 16 sub-cells of equal size (0.18 cm2). 
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η=14.71% η=15.57% η=15.23% η=14.44% 
η=15.79% η=16.23% η=17.33% η=16.38% 
η=16.33% η=16.76% η=17.50% η=16.40% 
η=16.29% η=16.51% η=16.86% η=15.97% 
Table 4.8: Efficiency of the 16 different solar cells displayed in figure 4.13 
 
The table shows the 16 cells efficiency. The uniformity over the entire area of 6 cm2 
is very good, there was an average efficiency of 16.02±0.78%. Other average 
parameters are Voc=574 ±8 mV and Jsc=36.9±1.4 mA/cm2. Fill factor of 71.8±1.5% 
confirms the excellent uniformity over the entire solar cell. 
The data show that during this work, in addition to high efficiency, 18.75%, on a 
small area (0.1 cm2) also a great efficiency has been reached on a large area (6 
cm2). 
 
4.5 Efficiency increasing by growing single-
crystal CIGS 
Even though the current efficiency record for CIGS devices is 21.7% [20], these  
results are still quite far from the Shockley–Queisser theoretical limit of 33% [21]. 
Despite extensive work carried out on the loss mechanisms in CIGS solar cells to 
achieve the theoretically predicted limit, this topic is still under intense debate. The 
most relevant losses are related to the following effects [22 23]: 
1. Shockley–Read–Hall recombination in the space charge region and at 
the grain boundaries 
2. Bandgap fluctuations induced by lateral stoichiometry non-uniformity 
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3. Low electron mobility due to impurity scattering and band bending at 
charged grain boundaries 
4. Fluctuations of the electrostatic potential caused by extended defects 
such as dislocations and grain boundaries. 
Although the beneficial role of grain boundaries as hole barriers in polycrystalline 
films is widely accepted, their presence induces strong fluctuations on the 
electrostatic potential, leading to an increase of the diode saturation current and to 
the consequent net reduction of the open circuit voltage [22 23]. 
For these reasons is important to investigate the role of the CIGS crystal structure 
and grain size on the solar cell performance. Three-dimensional model for 
ZnO/CdS/CIGS/Mo solar cells to be included in Sentaurus Technology Computer 
Aided Design (TCAD) semiconductor device simulation tool was studied [24]; the 
simulations strongly indicated that the cell efficiency would benefit from larger grain 
size over a wide range of values of the photogenerated carrier’s surface 
recombination rate, both at the CdS/CIGS heterojunction(Sn), and at the grain 
boundaries(Vr), as summarized in Figure 4.14. 
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Figure 4.14: Conversion efficiency versus grain size for different surface recombination rates at the 
CdS/CIGS heterojunction (Sn). The efficiency trends are simulated for two different recombination 
velocities at the grain boundaries, Vr=105 cm/s (top) and Vr=107 cm/s (bottom). 
 
The results suggest that significantly improved solar cell absorbers can be expected 
from single crystal CIGS films [25], obtainable only by epitaxial growth on substrates 
with reduced lattice mismatch. GaAs has been exploited as epitaxial substrate in 
literature [26 27]: from these studies, it turned out that substrate temperatures above 
550°C were found necessary for the epitaxial growth of CIGS by Molecular Beam 
Epitaxy (MBE) and Metal Organic Chemical Vapour Deposition (MOCVD) 
techniques [28]. In this case the epitaxial deposition of CIGS films on Germanium 
wafers at low substrate temperature (300 °C) by the PED technique was studied. 
Germanium was chosen as epitaxial substrate alternative to GaAs, because of: 
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1. Its lattice parameter (a=5.652 Å) that yields a lattice mismatch <1% 
2. Its similar thermal expansion coefficient (5.8x10-6 K-1) 
3. Its capability to act as low-bandgap absorber in a hypothetical 
CIGS/Ge-based tandem solar device. 
4. Its possibility to be realized as virtual substrate, thus reducing the costs 
of wafer substrates. 
 
PED technique was proven to be a viable route for depositing high-quality CIGS: in 
previous paragraph reported 15%-efficient CIGS-based solar cells fabricated by 
PED on Mo-coated glass substrates at 270 °C. The above mentioned TCAD 
simulations are in good agreement with the experimentally measured photovoltaic 
parameters, the efficiency value expected being ≈15% (average grain size ≈1 μm 
and Sn and Vr≈105 cm/s). 
As substrate, n-type Ge wafer (100) (n=1x1017 cm-3, 15x15 mm2 wide) with a 6° 
miscut towards [110] has been used, treated in diluted hydrofluoric acid for removing 
the surface oxides. The substrates were placed 8 cm away from the target, under a 
graphite susceptor heated by halogen lamps and its temperature was kept at 300 
°C and monitored by a thermocouple. Analogously to the solar cells deposited on 
Mo-coated glass by PED, the thickness of CIGS films was ≈1.5 μm. 
The XRD patterns of CIGS films grown on Ge at 300 °C in comparison with a typical 
polycrystalline CIGS deposited on Mo/Glass under the same conditions are shown 
in Figure 4.15. While the polycrystalline CIGS/Mo/Glass pattern exhibits the 
expected preferred grain orientation along the (112) direction [1], only the (008)-
CIGS and the (400)-Ge reflections are observed in the case of CIGS/Ge, thus 
confirming epitaxial growth of CIGS on (100)-Ge. 
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Figure 4.15: XRD patterns of an epitaxial CIGS/Ge heterostructure (blue line) and a typical 
polycrystalline CIGS/Mo/Glass (redline) grown at the same temperature =300 °C. The inset shows 
a close-up of the CIGS/Ge diffraction pattern.  
 
By analyzing the position of the (008)–CIGS peak, a lattice parameter c=11.383 Å 
of the CIGS tetragonal phase can be calculated. The achievement of the epitaxial 
growth of CIGS on Ge at such low temperature is a noteworthy result when com- 
pared with literature [25 26 27] where substrate temperatures larger than 550°C 
were found necessary for epitaxially growing CIS and CIGS films by traditional 
deposition techniques as MBE and sputtering [29 30]. High Resolution Transmission 
Electron Microscopy (HRTEM) analysis confirms the epitaxial growth at the 
CIGS/Ge interfaces, Figure 4.16a. The corresponding Fast Fourier Transform (FFT) 
image shown in the inset reveals the presence of a perfect epitaxial relationship 
CIGS(001)//Ge(001), with a lattice mismatch within the instrument sensitivity (≈1%). 
Neither dislocations nor Kinkerdall voids, commonly noticed in CIGS/GaAs systems 
[26 28 31], are observed. 
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Figure 4.16a: HRTEM image of the CIGS/Ge interface. The insets show the corresponding FFT 
patterns. Figure 4.16b: HAADF cross-sectional image of the CIGS/Ge structure. The inset shows a 
HRTEM image of the twin boundaries along the (112) direction. 
 
The High-Angle Annular Dark-Field (HAADF) cross-sectional image of the sample 
reported in Figure 4.16b confirms that the single crystal structure is preserved over 
the whole CIGS thickness. Twin boundaries along the (112) direction start to appear 
at ≈300 nm from the CIGS/Ge interface: these defects have been noticed also in 
Cu(In,Ga)Se2/Si heterostructures, and their origin seems to be related to the 
relaxation of lattice strain accumulated during the growth process [32]. EDS 
measurements reveal a strong Ga and Cu gradients along the CIGS thickness, with 
Ga/(In+Ga) (GGI) and Cu/(In+Ga) (CGI) ratios starting from 0.54 and 1.13 at the 
interface, respectively, and decreasing to 0.30 and 0.85 near the CIGS surface, 
these trends are showed in Figure 4.17. 
 
 
Fabrication of high-efficiency Cu(In,Ga)Se2 solar cells  
by Pulsed Electron Deposition technique 
 
 
 
94 
 
 
Figure 4.17: Distribution of GGI and CGI ratios along the CIGS thickness in both epitaxial and 
polycrystalline films. The dashed lines indicate the values of the two ratios in the starting CIGS 
target. 
 
This Ga enrichment at the interface has been already observed in literature at the 
epi-CIGS/GaAs interface and it was explained in terms of Ga out-diffusion from 
GaAs [22 26]. Ga contamination from the substrate is clearly ruled out in this case. 
Since in CIGS/Mo/ Glass samples, neither GGI(=0.30) nor CGI(=0.85) undergo a 
variation along the whole CIGS thickness, it can be inferred that in CIGS/Ge system 
the chemical composition of the layer is self- adapted in order to minimize the lattice 
mismatch with the substrate. Indeed, for GGI=0.54, the corresponding calculated 
lattice mismatch with Ge becomes < 0.5% [26]. This effect could explain why misfit 
dislocations were not detected at the hetero-structure interface. 
Photoluminescence spectra of CIGS/Ge taken at 10 K exhibit a dominant narrow 
symmetric peak centered around 100 meV below the band edge =1.17eV, Figure 
4.18, calculated on the basis of the GGI ratio value at the surface = 0.30 [33].  
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Figure 4.18: Representative PL spectra of CIGS/Ge (up) and CIGS/Mo/glass(down) samples, 
grown at the same substrate temperature =300 °C. The spectra were taken at 10 K. 
 
The average FWHM value of the peak is ≈55 meV. This emission is usually ascribed 
to a donor–acceptor pair (DAP) emission related to VCu and VSe levels [34]. This PL 
spectrum is very similar to that measured on CuInSe2 epitaxial films grown at 660 
°C on (100)-GaAs wafers [35]. On the other hand the PL spectrum of CIGS/Ge 
appears slightly different from that of polycrystalline CIGS/Mo/Glass grown at the 
same substrate temperature, where two distinct emission peaks are visible. While 
the peak at higher energy can be associated with the same DAP VSe→VCu transition 
of CIGS/Ge, the latter is usually attributed to the InCu→VCu transition [34]. The 
absence of a radiative recombination due to the InCu antisite in CIGS/Ge confirms a 
lower density of cation substitutional defects in epitaxial CIGS with respect to 
polycrystalline layers. Other relevant differences between epitaxial and 
polycrystalline CIGS concern: 
1. The intensity of the PL emission, stronger by a factor of 7 in CIGS/Ge 
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2. The spatial uniformity of the spectra: while in polycrystalline CIGS the 
relative weight of the two peaks changes considerably along the 
sample area, the shape of the PL spectrum of the CIGS/Ge is 
unchanged over different regions of the sample. 
This latter confirms a higher compositional and structural uniformity of the epitaxial 
CIGS material in comparison with the polycrystalline one. 
For the CIGS/Ge heterojunction electric measurements, ohmic contacts were 
thermally evaporated both on CIGS (860 μm-diameter Au dots) and on n-type Ge 
(AuCr stripes). 
 
 
Figure 4.19: Forward (triangles) and reverse (circles) bias current–voltage characteristics of the 
CIGS/Ge heterostructures. 
 
Figure 4.19 shows the current–voltage characteristics of the CIGS/Ge 
heterostructure at 300 K. The good rectifying properties of the device confirm the 
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intrinsic p-type conduction in CIGS layer, forming a good heterojunction with the n-
type Ge substrate. The sample shows a high spatial uniformity, since similar I–V 
characteristics have been obtained over different regions. The calculated diode 
ideality factor is ≈1.98. The space charge density profiles calculated from C–V 
curves at 300 K of epi-CIGS/Ge diodes and ZnO:Al/CdS/poly-CIGS/Mo solar cells 
are compared in Figure 4.20.  
 
 
Figure 4.20. Space charge density profiles in both epitaxial (blue dots) and polycrystalline (red 
diamonds) CIGS layers calculated from CV measurements at 300 K.  
 
The minimum in space charge density profile has been taken as a value of free hole 
concentration, resulting in p=3.5x1016 cm-3 in the case of epitaxial CIGS, about two 
orders of magnitude larger than in polycrystalline CIGS solar cell (p=3.9x1014 cm-3). 
This large difference can be accounted for by different degrees of electrical 
compensation in the two systems. While compensation is a well-known feature of 
Na-free polycrystalline CIGS [36], where a high density of both donor and acceptor 
defects are simultaneously present, this effect seems to be less prominent in single-
crystal CIGS. Since InCu antisites are known to be the main compensating donors 
in CIGS, it can be concluded that the density of such substitutional defects in 
epitaxial CIGS is lower than in poly-CIGS. This hypothesis is in agreement with the 
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observed annihilation of the emission peak related to InCu→VCu in the PL spectra of 
CIGS/Ge samples. 
The results obtained during the realization of an epitaxial CIGS layer are very 
promising. Further developments of this activity include the creations of a 
photovoltaic cell based on an absorbing layer in monocrystalline CIGS growth on a 
Ge substrate. The realization of this kind of structure makes it necessary to face 
several challenges: 
1. Studying a way to realize an ohmic back contact on Ge back surface 
2. Developing a protection system or using alternative processes to the 
chemical bath because using the standard deposition technique the Ge 
back surface is covered by the buffer layer during chemical bath 
process. 
3. The  single crystal CIGS is too hard for mechanical scriber then laser 
scribing is needed. 
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Chapter 4: Results and discussion 
– Part 2 
 
In the previous part of this Chapter, it has been shown that a proper optimization of 
the PED technique leads to highly efficient CIGS-based solar cells. 
To summarize, the main achievements were: 
1. an efficiency value of 18.75% (on 0.15 cm2 area), comparable to the best 
state of the art results It’s worthwhile to recall that the world record efficiency 
is 21.7% on 0.5cm2 area [20], obtained with much complex and expensive 
techniques. 
2. The process optimization to achieve efficiencies exceeding 16% over 6 cm2 
wide samples, using a single PED source. 
These very promising results where the basis of an industrial partnership to scale-
up the process and build a pilot line for the CIGS based photovoltaic cell production 
by PED.  
The second part of this Chapter is focused on the solutions of the main issues that 
might prevent large and homogeneous efficient solar cells: 
1. Minimization of droplet density and size onto the CIGS film, causing 
unwanted shunts on large areas 
2. Further increase of the deposition area. The area of 6 cm2 reported in the 
previous part of the present Chapter, is the maximum area which can be 
uniformly coated with a single PED source.  
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3. Further stability of the electronic beam during long deposition time. With the 
goal of limiting the PED sources heating, a new type of heater has been 
designed, realized and tested.   
The goal is the deposition on 16x16 cm2 wide substrates (same as conventional 
silicon-based solar cells), using a multi-PED system. The numerical modeling and 
simulations demonstrated its feasibility and the prototype deposition chamber 
equipped with 4 PED sources has been finally designed and realized, which is now 
fully operating at the IMEM-CNR “Thin Film Lab” in Parma. 
 
4.6 Control of droplet density and dimensions 
by substrate bias 
As already mentioned in the 2nd Chapter, one of the main feature of the PED is the 
high energy density of the pulsed electron beam, allowing the complex material 
ablation, regardless the melting point or the vapor pressure of the single element 
forming the target.  
However, the high energy beam also causes some drawbacks, which are mainly 
related to the generation of μm-sized particulates and droplets [37 38]. These 
droplets are expelled from the target surface (hydrodynamic splashing, described in 
Chapter 2)  and, after traveling inside the plasma plume, are finally deposited on the 
substrate. Since high-performance thin-film solar cells require an extremely smooth 
surface [39], the density and the size of the particulates produced by high energy 
pulses techniques must be minimized. 
In a similar high energy pulsed technique such as the PLD (Pulsed Lased 
Deposition), many different technological approaches, like filters [40], off-axis [41] 
and dual-beam depositions [42] have been attempted in order to minimize the 
droplet deposition on the substrate. However, because a side effect of these PLD 
solutions is the reduction of the deposition rate, they are not suitable for large-scale 
applications. 
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A more interesting approach, first adopted again in PLD, is the application of a DC 
bias between the target and the substrate. Lubben et al. have shown that a negative 
substrate bias can significantly diminish the particle density on the film surface [43]. 
They observed a five-time decrease in the droplet density on a −150 V biased 
sample with respect to the unbiased one. The authors explain this phenomenon as 
the result of a negative charge of the droplets that receive an electrostatic repulsion 
from a negatively biased substrate. 
A similar experimental approach has been applied in this work to the PED process 
to minimize the presence of particulate on the CIGS surface. Several types of DC 
voltage were tested, positive and negative in order to understand the phenomenon 
and study the correlation droplet vs. bias [44]. 
All films were grown by following the same procedure as described above,  with the 
same number of pulses (5x104) in order to keep the film thicknesses and the target 
heating as homogeneous as possible. A customized sample holder has been used 
to generate a bias field between the substrate and the target. A metallic sample 
holder allows the contact between the molybdenum-coated substrate and the 
external DC voltage generator connected to the grounded target through the other 
pole. Different voltages, Vext, applied to the substrate were studied and the samples 
were compared to the “benchmark” unbiased sample obtained by electrically 
insulating the substrate holder. A schematic design of the experimental set-up is 
shown in Figure 4.21. 
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Figure 4.21: Representative scheme of the experimental set-up used to study the bias effect on 
droplets. 
 
The typical morphology of an unbiased CIGS film grown by PED is shown in the top 
part of Figure 4.22. The film exhibits a great number of spherical droplets with a 
radius larger than 0.3 μm and a maximum size of ≈1.2 μm. 
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Figure 4.22. SEM images of the surface of CIGS films grown at different negative substrate biases. 
The pictures were taken at three different magnifications, 100x, 1000x and 10,000x, respectively. 
 
The measured droplet density on the surface is about ≈6x105 cm−2, which is a lower 
value compared to the samples grown by PLD (≈106–107 cm−2 [45 46]). The reduced 
number of macroparticles obtained by PED is a known feature in the literature and 
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it is probably due to the polyenergetic nature of the PED e-beam with respect to the 
laser [47]. Indeed, while in the PED technique the power is mainly transferred on 
the superficial region of the target, in the case of PLD the absorption profile of a 
monochromatic light beam leads to a faster heating of the sub-surface, which 
originates a more intense “splashing” effects [48].  
At Vext= −75 V, the film surface exhibits a clear reduction of the biggest droplets with 
respect to the unbiased sample, as shown in the 100x magnification image in Figure 
4.22, with denser concentration of the CIGS grains at 10,000x. A summary of the 
morphological properties of the CIGS films as a function of the bias is reported in 
Table 4.9. 
 
Substrate bias 
Vext [V] 
Droplet density 
(with radius > 0.5 
μm) [cm-2] 
Maximum droplet 
radius [μm] 
RMS surface 
roughness [nm] 
-300 5.0x104 0.6 42 
-200 1.0x105 0.8 73 
-120 1.5x105 0.9 75 
-75 3.0x105 1.0 81 
Unbiased 6.0x105 1.2 97 
+120 3.0x108 5.0 18 
+200 1.0x108 7.5 19 
Table 4.9: List of morphological properties of CIGS films as a function of the applied substrate bias, 
Vext: droplet density on the surface, droplet maximum radius and RMS roughness. 
 
By varying Vext from −75 V to −300 V, the droplet density is monotonically reduced 
from ≈3x105 cm−2 to ≈5x104 cm−2. The dilution of the droplets on the CIGS surface 
becomes evident both in the 100x and the 1000x SEM images. At higher negative 
Vext the maximum droplet radius of the −300 V biased film is reduced from 1.2 μm 
(unbiased film) to 0.6 μm. 
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Figure 4.23: SEM images of the surface of CIGS films grown at different positive substrate biases. 
The pictures were taken at three different magnifications, 100x, 1000x and 10,000x, respectively. 
 
On the other hand, when a positive Vext is applied to the substrate, a significant 
increase in the quantity of the particulates on the CIGS film can be observed. In 
Figure 4.23 the surfaces of two CIGS samples grown at different positive Vext (+120 
V and +200 V) are compared to the unbiased sample: the droplet density is strongly 
increased in biased films and their presence becomes detectable even at low 
magnifications. An enhancement in the droplet density up to ≈3×108 cm−2 and ≈1 
×108 cm−2 is respectively measured in the +120 V and in the +200 V biased film. 
This is almost three orders of magnitude larger than the average measured in the 
unbiased case. The maximum radius of the spherical droplets reaches in both cases 
very high values (5 μm at +120 V and 7.5 μm at +200 V).  
Moreover, even the grain morphology seems to be influenced by the bias. Planar 
SEM images taken at 10,000x (Figure 4.22) reveal an improvement in the grain 
density and size when the negative voltage is increased. While in the unbiased case 
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isolated and dispersed grains are clearly visible on the surface, at Vext=−300 V 
densely packed grains, with an average size up to 1 μm, cover the surface 
completely. On the other hand, only small grain islands, with a size smaller than 100 
nm, are visible on the surface of positively-biased substrates. AFM (Atomic Force 
Microscopy) analysis confirms the variation in the grain density as a function of the 
external bias, as shown in Figure 4.24. 
 
Figure 4.24: Atomic force microscopy images of the surface of CIGS films grown at different Vext. 
The scanned area is 5 × 5 μm2. 
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Figure 4.24 illustrates AFM maps of 5x5 μm2 surface areas of the CIGS films grown 
at different Vext. The evaluated root mean square (RMS) CIGS surface roughness 
is reported in Table 4.9. When compared to the unbiased sample (RMS = 97 nm), 
the negatively-biased layers exhibit a smoother surface as the voltage increases, 
with a RMS roughness reaching a value of 42 nm at −300 V. This is probably due to 
the denser grain distribution also observed in the SEM images. The surface looks 
very different in the case of positive biases: the samples grown at Vext ≥ +120 V 
exhibit a roughness drop to ≈20 nm. This very a low RMS value can be explained 
by the large presence of embedded spherical droplets. Since these particles exhibit 
a negligible roughness (due to their native liquid nature), the film morphology is 
greatly influenced by their presence when positive biases enhance their density 
(>108 cm−2) and size (>5 μm). 
The results obtained, show that the application of a negative bias between the target 
and the substrate is an efficient and elegant method to minimize the droplets density 
and size. This is an innovative and important development for the CIGS growth by 
PED for photovoltaic applications and noticeable, an easily scalable process for 
industrial solar cell production.  
 
4.7 PED dynamics of evaporation 
The industrial development of a deposition technique requires a perfect knowledge 
of the phenomenon on a laboratory. It’s therefore essential to understand in detail 
the evaporation dynamics of the PED technique in order to design a system able to 
reproduce high quality deposition on larger scale. 
Specifically, all the PED parameters affecting the CIGS layer thickness and 
compositional uniformity were tested, aiming to find the maximum deposition area 
obtainable with a single PED source. 
The PED evaporation dynamics of the material was studied to better understand the 
origin of compositional variations along the CIGS layer and how to mitigate this 
phenomenon by adjusting the setup of the electronic source [49]. 
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For this study a target of CGS (CuGaSe2) was used, because its high band gap 
which enabled to measure the film thickness by optical interference. The thickness 
was calculated by measuring maxima and minima positions of the interference 
fringes in the reflectivity spectra acquired by an IR-VIS spectrophotometer (JASCO 
V-530) in the range between 750 and 1100 nm, where CGS is optically transparent. 
The electrons acceleration voltage was varied in the range 10-18 kV to understand 
how the dynamics of evaporation is affected by the electron beam energy. The 
substrates used were soda-lime glass of 75 x 25 mm2, area. After the deposition, 
the samples were divided in a grid of 15×5 squares with an area of 0.25 cm2 each 
(75 squares every CGS samples!) as shown in Figure 4.25, to locally probe the 
chemical composition and the thickness in each square, reported in Table 4.10 as 
a function of the acceleration voltage (VPED). 
 
Figure 4.25: A 75×25mm2 SLG sample divided in to a grid of 15×5 squares of 0.25 cm2 area: the 
chemical composition and the thickness were measured for each square. 
 
VPED (kV) at% [Cu] at% [Ga] at% [Se] [Cu]/[Se] ratio 
10 13.7 31.8 54.5 0.43 
12 20.0 27.3 52.7 0.73 
14 21.7 25.9 52.4 0.84 
16 23.2 25.5 51.3 0.91 
18 23.6 25.4 51.0 0.93 
Table 4.10: Compositional data of CGS films obtained by EDS analysis 
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The Cu content in the film increases from 13.7% at 10 kV to 23.6% at 18 kV, with 
an abrupt increment between 10 and 12 kV (20.0%). The Cu/Ga ratio is 
asymptotically drifted to 1 by raising VPED, from 0.43 at 10 kV to 0.93 at 18 kV. 
In Figure 4.26 the XRD patterns collected in the central square of every CGS film 
deposited at different VPED are compared. 
 
Figure 4.26: θ/2θ XRD patterns of CIGS/SLG films grown at different 
acceleration voltages (VPED). The inset shows the (1 1 2) peak position at 
various VPED. 
 
The single tetragonal chalcopyrite phase is present on all the samples, with a 
preferred crystal orientation switching from the (204)/(220) to the (112) direction by 
increasing the discharge voltage. The chalcopyrite structure is preserved also at low 
VPED, despite the strong Cu-deficiency: this Cu-poor CGS phase, called ordered 
vacancy compound (OVC) with chemical formula CuGa3Se5, shows the same 
tetragonal structure as the stoichiometric CGS. In the OVC phase (that is obviously 
an unwanted composition, being a n-type semiconductor) the vacant Cu site are 
compensated by an ordered array of point defects (Cu vacancies and substitutional 
Ga) [50]. 
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The most significant change in the XRD spectra regards the position of the reflection 
peaks. As seen in the inset of Figure 4.26, the CGS peaks shift to higher 2θ values 
by lowering the acceleration voltage. The lattice parameter, c, calculated for a 
tetragonal chalcopyrite structure, exhibits a monotonic increase with VPED (from 
10.90Å at 10 kV to 11.09Å at 18 kV). As can be observed from figure 4.27, the 
experimental values of c axis are comprised between those of stoichiometric 
CuGaSe2 phase (11.09Å [51]) and CuGa3Se5 (10.89Å [52]), which is the most stable 
ordered Cu-vacancy compound; a good agreement between the trend of lattice 
parameters and that of Cu/Ga content ratio as a function of VPED is also shown. 
 
 
Figure 4.27: Lattice parameter, c, and Cu/Ga ratio of CGS films as a function of VPED. 
 
By hypothesizing that the sticking coefficient of the high energy ablated species 
reaching the substrate assumes the value of the unity and that no re-evaporation 
from the film surface is expected at 300 °C, it is possible to affirm that CGS films 
inherit the same chemical composition as the evaporating plume, hence the 
elemental content of the plume can be deduced by directly analyzing the EDS data 
on the films. From these measurements it is possible to conclude that a perfect 
stoichiometric transfer from the starting target to the deposited film never occurs for 
any VPED values comprised between 10 and 18 kV, that implies an imperfect 
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compositional transfer mechanism during the solid-to-vapour transition from the 
target to the plume. By analyzing the compositional data of CGS reported in Table 
4.10, the relative content of the different species present on the film (and, thus inside 
the plume), can be expressed by a simplified chemical formula given by the linear 
combination of two phases, as follows: 
𝐶𝑢𝐺𝑎3𝑆𝑒5 + 𝑀(𝐶𝑢𝐺𝑎𝑆𝑒2) 
with the number of moles of the stoichiometric phase, M, dependent on the 
acceleration voltage. The variation of the plume composition as a function of VPED 
is reported in Table 4.11.  
 
VPED (kV) Chemical Formula CuGaSe2 
moles, 
M 
CuGa3Se5 mole 
fraction (Xovc) 
10 CuGa3Se5 + ½ CuGaSe2 ½ 0.67 
12 CuGa3Se5 + 4 CuGaSe2 4 0.20 
14 CuGa3Se5 + 8 CuGaSe2 8 0.11 
16 CuGa3Se5 + 14 CuGaSe2 14 0.07 
18 CuGa3Se5 + 21 CuGaSe2 21 0.05 
Table 4.11: Chemical formula and mole fractions of PED plume at different VPED values, derived 
from EDS analysis. 
 
At VPED = 10 kV the amount of the OVC phase in the plume dominates, resulting in 
the crystallization of a compound very similar to CuGa3Se5, as it appears from the 
c-axis value extrapolated by XRD patterns. Above 12 kV the CuGaSe2 contribution 
to the plume composition starts to prevail (M = 4), and the OVC mole fraction, XOVC, 
(calculated from the number of moles of CuGa3Se5 divided by the total moles in the 
plume) becomes negligible when VPED exceeds 16 kV (M = 14). It is then possible 
to conclude that a good stoichiometric transfer from the target to the plume can be 
achieved by increasing the energy of the impinging electrons, proportional to the 
acceleration voltage. 
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As far as the thickness uniformity, by collecting the measurements of every 0.25 
cm2-large CGS square samples illustrated in Figure 4.25, the whole thickness map 
on the substrate was rebuilt. A 2D map of the normalized thickness of CGS films 
grown at 10 kV on a 75×25mm2-large substrate is given in Figure 4.28. 
 
 
Figure 4.28: 2D map of the thickness of CGS films grown at VPED = 10 kV. The thickness values 
are normalized with respect to the maximum value indicated by the purple circle. 
 
 
The thickness experimental data can be plotted as a function of the angle θ formed 
by the target normal and the line joining the target to the analyzed substrate point. 
Since θ = arctan(x/d), where d is the target–substrate distance and x is the distance 
between the measured point and the target normal, it is possible to calculate the 
angular thin-film thickness profile, t(θ) with respect to the maximum thickness, t(0) 
= 1500 nm. A comparison between the thickness profiles of CGS, obtained at VPED 
= 10 kV and 18 kV, respectively, is shown in Figure 4.29. 
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Figure 4.29: Thicknesses profiles (normalized to each maximum) for the CGS films grown with VPED 
= 10 kV and 18 kV, respectively. The dashed lines are the calculated fitting curves using the 
bicosine model described below. 
 
The experimental data were fitted with the angular distribution model, introduced by 
Comsa and David [53], which well applies to several experimental works about PLD 
[54 55 56]. In this model the angular distribution over the hemispherical space 
described by θ and φ, which is the rotation angle around the normal to the target 
surface (inset in Figure 4.29), is described by a function F(θ,φ), actually independent 
from φ, due to the circular symmetric nature of the evaporation. This function is 
composed by a linear combination of two cosine terms: 
𝐹(𝜃, 𝜑) = 𝐹(𝜃) = 𝑎 cos 𝜃 + (1 − 𝑎) 𝑐𝑜𝑠𝑝 𝜃 
The first component of the function, weighted by the coefficient a, gives a broader 
distribution, with respect to the forward-peaked second component exhibiting an 
exponent p > 1. Integrating the above bicosine equation over hemispherical space, 
the contribution fraction of the first cosine term, f, to the evaporation dynamics can 
be found as in [56]: 
𝑓 =
(𝑝𝑎 + 𝑎)
(𝑝𝑎 − 𝑎 + 2)
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a and p are adjustable parameters to yield the best agreement with the experimental 
data, taking into account the cos3 θ correction term for the planar geometry of the 
substrate [54]. The angular distribution functions that give the most satisfactory 
fitting at each value of VPED are listed in Table 4.12. 
 
VPED (kV) a value p value R2 (bicosine 
model) 
Contribution fraction of 
cos θ term, f 
10 0.31 0.69 0.9963 0.656 
12 0.07 0.93 0.9932 0.201 
14 0.05 0.95 0.9974 0.120 
16 0.03 0.97 0.9953 0.069 
18 0.02 0.98 0.9936 0.049 
Table 4.12: Thickness distribution model of CGS as a function of PED voltages, according to 
bicosine models 
 
The goodness of the fit, measured by the coefficient of determination, R2, together 
with the f value calculated at each VPED are also reported. As it appears from the f 
coefficients, the contribution of the cos θ term to the distribution profile is very 
significant at 10 kV (0.656), while it becomes smaller at higher VPED and almost 
negligible above 16 kV. At VPED ≥ 14 kV the angular distribution can be assumed to 
be driven only by the second term, with the exponent p asymptotically tending to a 
constant value ≈4: 
𝐹(𝜃) ≈ 𝑐𝑜𝑠4𝜃 
Therefore, in this VPED range the plume distribution can be regarded as independent 
of the acceleration voltage. 
By comparing the CuGa3Se5 mole fraction values, XOVC, in Table 4.11 and those of 
f factors in Table 4.12, a perfect agreement can be found. The former represents 
the mass contribution of the OVC phase to the whole plume composition, whereas 
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the latter is the ratio of the plume mass evaporating according to the cos θ 
distribution over the total evaporated mass. Since they reproduce, the fraction of 
plasma plume having a CuGa3Se5-related composition and the one expanding from 
the target with a broad angular distribution, respectively, is possible to assert that 
the part of the plume exhibiting the OVC phase spreads from the target according 
to a cos θ distribution, which is the typical distribution due to the evaporation 
occurring at the thermodynamic equilibrium. In contrast, the expansion of the 
stoichiometric CuGaSe2 fraction of the plume follows a forward-peaked cosp θ trend, 
typical of an ablative mechanism. The thermodynamic evaporation of CuGa3Se5 is 
in agreement with the Cu2Se–Ga2Se3 pseudo-binary phase diagram, which 
evidences that an incongruent transition is developed during the CuGaSe2 melting, 
leading to the formation of a Cu-poor liquid phase with respect to the solid. 
The study of the evaporation dynamics has allowed the depth understanding of the 
ablation phenomenon and how it has an impact on the composition and uniformity 
of grown film. The data obtained are the basis for the development of a technology 
that can increase the area of deposition. This technology is crucial to expand the 
PED technique to industrial applications. In the next section will be describe, through 
the study of the ablated material distribution, how a simulation model that combines 
the effects of different PED sources have been created with the aim of increasing 
the deposition area. 
 
4.8 Industrial Scale up 
The activities to design and to build a new apparatus equipped with a multi-source 
array of PED guns in order to produce wide photovoltaic cells (16x16 cm2) is 
reported in this paragraph. As already mentioned in the previous paragraph, the 
deposition area of a single PED source is not suitable for large area solar cells 
realization, for its limited “deposition cone”. As presented in Figure 4.13 and Table 
4.8, “large-area” CIGS-based solar cell grown by PED with high quality and high 
uniformity of performance (=16%) over a total area as large as 6 cm2 have been 
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reproducibly obtained; this is the limit achievable with a single PED source and with 
the static deposition.  
In order to further enlarge the deposited are, 3 solutions can be adopted: i) 
increasing the target-substrate or ii) moving the substrate or iii) developing a multi-
PED system; we followed the latter, for the possibility to keep a high deposition rate. 
Indeed, increasing the target-substrate distance causes a deposition rate 
decreasing proportional to the square of the distance; the same effect results by 
moving the substrate, making these kinds of approach unacceptable in the industrial 
perspective. 
The increase the deposition area keeping a high degree of thickness uniformity by 
using different PED sources is a challenging task. Exploiting the results obtained on 
the ablation/evaporation study, a software simulating the dynamics of PED plume 
has been developed. The simulation program [57] was written in the Matlab code, 
using the bicosine equation to include both contributions (evaporative and ablative) 
and to calculate the film thickness distribution pattern on the substrate [49]. 
𝐹(𝜃, 𝜑) = 𝐹(𝜃) = 𝑎 cos 𝜃 + (1 − 𝑎) 𝑐𝑜𝑠𝑝 𝜃 
The starting point has been the simulation of the CIGS layer uniformity from a single 
PED source. As expected and experimentally verified, the CIGS film grown by a 
single PED source (accelerating voltage = 16 kV) The simulated data are in 
excellent agreement with the experimental results obtained on 6 cm2 wide area 
cells, showing a significant thickness drop at the rim of the substrate holder (Figure 
4.30). 
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Figure 4.30: CIGS thickness profile on 6 cm2 wide area obtained by simulating a single source PED 
deposition. 
 
The simulation is essential to find out the optimal number of sources necessary to 
uniformly coat a 16x16 cm2 (256 cm2) commercial substrate in a multi-PED system. 
In Figure 4.31 the result of the expected CIGS film uniformly on a 16x16 cm2 
substrate with an area of 256 cm2 (left side) using 4 different sources in a square, 
static configuration (right), which is the minimum number to realize CIGS-based 
solar cells with the desired area and within reasonable time.  
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Figure 4.31: CIGS thickness profile on 256 cm2 wide area obtained by simulated 4-source PED 
deposition (left). Target configuration under the substrate used to generate the CIGS profile (right). 
 
In the simulations, different parameters aspects of industrial interest have been 
taken into account: 
1. Standard deviation: it allows to evaluate the thickness variations occurring 
during the deposition 
2. Minimum thickness: it allows to evaluate position of the thinnest areas of the 
layer. A thickness too small is not  sufficient for an optimal device operation. 
3. Coating yield: it allows to evaluate the relationship between the evaporated 
material deposited on the cell area, respect to the total amount of the 
evaporated material. It is a measure of the material waste. 
4. Production time: it is the time required to realize a 16x16 cm2 cell. In the 
simulation used to calculate this parameter, 4 PED sources operating at 100 
Hz were considered. The repetition rate of 100 Hz was chosen as a good 
compromise between the industrial need of speed production and process 
reliability. In fact, in order to satisfy the demanding requirements of the 
industrial partners involved in the PED4PV project, pulsed sources with 
higher repetition rate compared to the ones currently used in the laboratory, 
are needed. 
To maximize the different parameters two different alternatives were explored: 
   
Chapter 4: Results and discussion 
 
 
 
119 
 
1. Increasing the number of sources. In this way it is possible to maximize the 
uniformity and increase the production speed of the devices but this involves 
a greater investment in electronic sources. A 6 sources deposition (Figure 
4.32) was simulated to increase the uniformity compared to the previous case 
based on 4 sources. 
 
 
Figure 4.32: CIGS thickness profile on 256 cm2 wide area obtained by simulating a  6-source PED 
deposition (left). Target configuration under the substrate used to generate the CIGS profile (right). 
 
2. Substrate motion. The substrate movement can increase the uniformity on 
larger area. At the same time it allows to increase the production speed and 
minimize the material waste. In Figure 4.33 is represented a simulation in 
which a linear motion was introduced. 
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Figure 4.33: CIGS thickness profile on 256 cm2 wide area obtained by simulating a  4-source PED 
deposition with the addition of linear motion (left). Target configuration under the substrate used to 
generate the CIGS profile, the arrow indicates the direction of the substrate motion (right). 
 
The simulations allows to explore more complex substrate movements, to look for 
higher film quality, as shown in Figures 4.34 (4 PED sources, rotational movement) 
and 4.35 (4 PED sources, linear + rotational movement). A summary of the most 
relevant figures are reported in Table 4.13. 
 
Figure 4.34: CIGS thickness profile on 256 cm2 wide area obtained by simulating a 4-source PED 
deposition with the addition of a rotational movement (left). Target configuration under the 
substrate used to generate the CIGS profile, the arrow indicates the direction of the substrate 
motion (right). 
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Figure 4.35: CIGS thickness profile on 256 cm2 wide area obtained by simulating a 4-source PED 
deposition. Both linear and rotational motion were applied. (left). Target configuration under the 
substrate used to generate the CIGS profile, the arrow indicates the direction of the substrate 
motion (right). 
 
Substrate 
motion 
Uniformity 
(%) 
Coating yield 
(%) 
Deposition Time 
(s) 
Static 83 54 81 
Linear 96 46 50 
Linear-rotational 99.8 30 110 
Table 4.13: Comparison between different type of motion used in multi-PED (4 source) system 
simulation. 
 
Increasing the complexity of the substrate movements it is possible to further 
increase the film uniformity. However the increase of uniformity causes a dilation of 
the time required to achieve the layer of CIGS. 
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The multi-PED has finally been compared to the deposition technique most used in 
the industrial processes [58]: the thermal co-evaporation. The data shown in Table 
4.14, concerning the thermal co-evaporation, refer to a process simulated by using 
the developed software. 
 
Technique 
Uniformity 
(%) 
Std. Dev. 
(%) 
Coating 
yield 
(%) 
Deposition 
time (s) 
Thermal       co-
evaporation 
(STANDARD) 
96 3.0 22.0 130 
Multi-source 
PED (high 
speed) 
96 2.8 46 50 
Multi-source 
PED (high 
quality) 
99.8 0.2 30.2 110 
Table 4.14: Comparison between thermal co-evaporation (industrial standard technique) and multi-
source PED technique (simulation) 
 
The data in Table 4.14 demonstrate the versatility of the PED multi-source in 
comparison with the co-thermal evaporation. The linear motion (Multi-Source PED 
- Speed) permits to reduce the waste material and the time taken to perform a CIGS 
film on a surface of 16x16 cm2 more than 50%; this is in accordance with the time 
required by the industrial partners of the project PED4PV. Instead using a linear-
rotation (Multi-Source PED - High Quality) it is possible to increase the uniformity 
compared to co-thermal evaporation, keeping production times like this. 
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4.8.1 Multi-PED system realization 
Using the simulation results, a first multi-PED prototype has been realized, to 
deposit on a 75x25 mm2 (≈18 cm2) glass/Mo substrate using 2 PED sources [57]. 
The Figure 4.36 shows the simulation of thickness uniformity in this system. 
  
 
Figure 4.36: CIGS thickness profile on 18 cm2 wide area (75x25 mm2) obtained by simulated 2-
source PED deposition. 
 
In Figure 4.37 the double-PED system in operation is shown; one may notice that 
every PED source has its own CIGS target. 
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Figure 4.37: Double-PED system in operation 
 
The final device has been finally completed, to test the effectiveness of the new 
deposition process. After the standard CIGS deposition, according to the 
parameters described in the previous paragraphs, the cell was completed by 
depositing In2S3 buffer layer (an interesting alternative, cadmium free, buffer layer) 
in collaboration with Helmholtz-Zentrum Berlin (HZB), by ILGAR (Ion Layer Gas 
Reaction) method [59]. The cell was terminated by a bi-layer TCO (Transparent and 
Conductive Oxide), formed by UZO (undoped ZnO) and AZO (2% Al doped ZnO) 
both grown by RF-sputtering; the final architecture was: 
AZO/UZO/In2S3/CIGS/Mo/Glass. 
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The rectangular substrate was divided into 3 1x1” samples (Figure 4.38); the J-V 
characteristics data of three different solar cells confirm a good uniformity (Table 
4.15). It must be recalled that, rather than the efficiency, this activity was more 
focused on the search for the performance uniformity on area larger than 1”x1”; the 
efficiency around 10% on squared inches CIGS-based solar cells with 
unconventional, Cd-free buffer layer is however an important results. 
 
 
Figure 4.38: Schematic representation of solar cell partition. 
 
 A B C 
Voc (mV) 608 598 603 
Jsc (mA/cm2) 27 28.1 28 
Fill Factor (%) 62 62 57 
Efficiency (%) 10.18 10.42 9.62 
Table 4.15: Photovoltaic parameters of the cells represented in Figure 4.38 
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Figure 4.39: Pre-industrial Multi-PED system installed at IMEM-CNR 
 
Thanks to the know-how acquired on the by the PED process and the promising 
results achieved on larger area, with the support of the industrial partners involved 
in the “PED4PV” project we have finally been able to design, realize a prototype of 
a multi-PED deposition chamber (Figure 4.39) with the aim to deposit CIGS-based 
solar cells on 16x16 cm2 large substrates (same as Silicon-based cells). The multi-
PED system, recently installed at IMEM-CNR in Parma has been successfully tested 
and the first large area cells are already available (Figure 4.40) , although not yet 
fully characterized and optimized. 
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Figure 4.40: Comparison between a CIGS film deposited in the lab-scale PED system on a 
2.5x2.5cm2-wide glass (left), and a sample grown on a substrate area of 16x16cm2 using the pre-
industrial multi-PED system (right). 
 
The prototype multi-PED system present several innovations: 
1. 4 optimized PED source, specifically realized to increase the pulse frequency 
(and thus the deposition rate) 
2. The chamber is equipped with a linear motion system to maximize the solar 
cells uniformity.  
3. The low temperature deposition temperature, characteristic of the PED 
technique, enables the deposition on unconventional substrates, such as 
ceramic (ideal for Building Integrated PhotoVoltaic, BIPV) and/or 
thermolabile, flexible materials (i.e. polymers, metal foils, etc) 
4. Last, but not least, I would like to emphasize the financial support of private 
investors and companies, in a difficult economic scenario and in a tough field 
such as the photovoltaic renewable energy, making possible a (rare) example 
of fundamental research that moves towards (pre-)industrial applications. 
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4.9 CIGS growth on Joule heated substrate 
In view of a possible PED industrial scale-up of the PED process, one of the most 
important requirements is the reduction of the deposition time; the solar cell 
production must be rapid and continuous. PED is a fast process (<15 min to deposit 
1.5 um of CIGS at 10 Hz) and suitable for low temperatures deposition, but over 
time the heaters tend to heat the gun. A continuous heating by a massive sample-
heater, such as the conventional IR lamp-based device, can therefore cause two 
different drawbacks: 
1. the target overheating leads to an increase of the melted surface of the 
material causing formation of droplets of the film surface [44]. 
2. the electronic source losses of efficiency due to the overheating with. Indeed, 
when the PED source overheats the discharge time is extended, decreasing 
the power of the single pulse and the ablation efficiency. [60] As a secondary 
consequence of this phenomenon there is a further heating of the target due 
to the less energetic electrons, the ones unable to ablate CIGS, aggravating 
the situation described in point 1. 
In order to minimize the PED sources overheating, during this work, an 
unconventional heater was studied, realized and tested, instead of the normally 
used method implying IR lamps and graphite susceptors. It is  based on the Joule 
effect, forcing the current to pass through the metal back contact (Molybdenum) of 
the metalized substrate [61]. Due to the resistance of the thin metal layer (typically, 
the Mo thickness is about 0.5 m) deposited on the substrate, the flowing electrical 
power is efficiently transformed into heat: the heating is localized and only few Watt 
are required to increase the temperature of a 25x25mm2 wide substrate surface up 
to ≈300°C; the very low emissivity of the metal layer leads to a negligible heat 
irradiation towards the e-beam source, the target and the walls of the vacuum 
chamber, thus minimizing heat-induced instabilities effects during the target ablation 
process. In addition, this type of heating through a constant current flow allows a 
good temperature uniformity of the substrate as well as the larger conventional 
heater [57]. 
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The effectiveness of joule heating system has been studied by comparing a 
standard solar cell (conventional IR-graphite heater, used to fabricate the 15% cell 
efficient described in Chapter 3) with a Joule heated solar cell. Since the goal is the 
comparison of the hearing systems rather than the cell performance, the cells 
architecture used were as simple as possible (Glass/Mo/NaF/CIGS/CdS/ZnO;Al, 
without i-ZnO layer on top). A 25x25mm2 wide Mo coated-glass substrate was 
mounted on a customized holder made by two parallel Cu rods, shown in Figure 
4.41. These rods were connected to a 0-10V DC voltage generator. By using this 
configuration, the generated DC current was forced to flow across the Mo film, 
heating only the area where the CIGS will be grow. The Mo thickness was 500 nm, 
with a resistivity value of 1x10-6 Ωcm. 
 
Figure  4.41: Picture of the Joule heating sample holder (left) and Representative scheme of the 
Joule heating experimental setup (right). 
 
The surface temperatures of Mo and glass were monitored at the same time by a 
thermo-imaging camera (FLIR T420), setting the emissivity of Mo and soda-lime 
glass to 0.12 [62 ] and 0.95 [63 ], respectively.  
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The Mo-coated substrate was heated very slowly in order to prevent any stress on 
the glass by gradually increasing the applied voltage and waiting for the stabilization 
of the glass temperature, as represented in Figure 4.42. 
 
 
Figure  4.42: Substrate temperature (left) and applied DC power (right) of the Mo Joule heating 
method as a function of process time. 
 
Once the temperature of 80 °C has been reached, the 30 nm-thick layer of NaF was 
grown before increasing the temperature to 270 °C for the CIGS deposition. After 
that, the DC power was kept constant for 20 minutes to promote the Na diffusion 
through the CIGS layer and finally the sample was slowly cooled down to room 
temperature. 
Different types of substrates are tested with this heating method; the 2 main results 
for industrial perspectives are: i) possibility to use thermolabile substrates, due to a 
combination of low temperature PED deposition and localized Joule heating and ii) 
rapid heating/cooling times. In figure 4.43a e 4.43b a plot of rapid thermal heating 
and rapid thermal cooling process applied on a molybdenum film deposited on a 
polyimide substrate is shown.  
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Figure 4.43: Fast joule effect heating process (a) and fast joule effect cooling process (b) 
 
In Figure 4.44 two different thermal images at room temperature (top) and after a 
rapid thermal heating (down), demonstrate the excellent thermal uniformity. 
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Figure 4.44: Sample thermal images before and after joule heating.  The inset shows the 
temperature profile of the Mo surface. 
 
The localized and low energy Joule methods is very efficient to limit the 
environmental heating, the wall chamber and the PED sources. Figure 4.45 shows 
the thermal map of the Mo/glass substrate before the CIGS growth. In the inset, the 
thermal profile along Mo surface is shown and it can be observed that, at 270 °C, 
the molybdenum temperature gradient is less than 10 °C and the glass temperature 
remains below 150 °C  
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Figure  4.45: Infrared image of a Mo-coated glass substrate when a DC power of 16 W is applied 
between the two Cu rods. The inset shows the temperature profile of the Mo surface. 
 
Once optimized the CIGS deposition, the complete solar cells were realized and 
compared.  Figure 4.46 shows a comparative cross-sectional image of a CIGS thin 
film grown on a substrate heated by the Joule method (JH-CIGS) (Figure 4.46a) and 
a CIGS thin film grown with the conventional heating method (CH-CIGS) (Figure 
4.46b). 
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Figure  4.46 - Cross-sectional images of AZO/CdS/CIGS/Mo/Glass cells with a JH-CIGS (a) and 
with a CH-CIGS layer (b). 
 
The former exhibits a very compact structure, characterized by the presence of 
larger grains with average dimension of about 2 μm. The growth mechanism leading 
to larger in JH-CIGS sample is currently under investigation, being only partially 
justified by the longer deposition time (50 minutes for depositing 2 μm-thick JH-
CIGS and 15 minutes for a CH-CIGS layer with the same thickness). 
Typical J-V characteristics of JH- and CH-CIGS (0.1 cm2 wide) under standard 
illumination conditions (AM1.5G at 25°C) are shown in Figure 4.47. The 
corresponding cell parameters are reported in Table 4.16, from where it can be 
observed that the lower FF of the JH-CIGS cells is compensated by an increase in 
JSC and VOC values with respect to CH-CIGS-based devices, leading to similar 
efficiency values. 
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Figure  4.47 - Current-voltage characteristics of CIGS solar cells fabricated by Joule effect heating 
(red line) and by a conventional IR-lamp based heater (blue line), measured at 25 °C under 
AM1.5G (100 mW/cm2) illumination. 
 
Heating 
mode 
VOC 
(mV) 
JSC 
(mA/cm2) 
FF 
(%) 
Efficiency 
(%) 
JH-
CIGS 
616 37.97 65.2 15.25 
CH-
CIGS 
597 36.50 69.0 15.03 
Table 4.16:  Photovoltaic parameters of solar cells presenting a CIGS layer fabricated at T ≈ 270°C 
by two different heating modes: by Joule heating (JH-CIGS) and by the external lamp heater (CH-
CIGS). The top Al contacts are excluded from the estimation of the illuminated area. 
 
As for the doping value, the net acceptor density, NA, measured on a JH-CIGS solar 
cell, estimated at the minimum of the C-V profile [17], is about 6.9x1015 cm-3 (Figure 
4.48), comparable to the value obtained on the traditionally heated CH-CIGS 
(6.2x1015 cm-3). 
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Figure  4.48: Comparison of CV profiles taken at 120K of conventionally heated (blue circles) and 
Joule-heated CIGS solar cells. 
 
The results obtained by using the Joule heating, demonstrates that this method is 
particularly suitable for industrial applications, especially on non-conventional 
substrates such as polyimide and materials presenting a low melting point. 
The Table 4.17 shows the power consumption of the two  heating methods, JH and 
CH, as a function of  the solar cell area. 
 
Heating mode 6 cm2 cell area 256 cm2 cell area 
Joule Heating-CIGS 15 W 630 W 
Conventional heating-
CIGS 
1400 W 2200 W 
Table 4.17: Power consumption comparison between Joule heating-CIGS and Conventional 
Heating-CIGS 
 
   
Chapter 4: Results and discussion 
 
 
 
137 
 
The energy needed to heat the substrate is considerably reduced compared to a 
traditional heating making the Joule heating advantageous also from an economic 
point of view [57]. The power consumption necessary to heat through the Joule 
Heating a substrate of 256 cm2 (16x16 cm2) derives from a theoretical calculation 
because the  prototype chamber shown in Figure 4.39, is not yet equipped with this 
type of heater. 
The innovative idea, recently patented [57], of Joule Heating and the related 
technology is very interesting for the fabrication of CIGS, but can be employed to 
heat any material, being the only requirement the presence of a metal substrate 
where the current can flow.  
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Conclusions and Outlook 
 
This Thesis concerns the study and development of a new method to grow thin film  
solar cells based on CIGS, by using the Pulsed Electron Deposition (PED) 
technique. The activity, carried on at IMEM-CNR in Parma, deals with both 
fundamental and applied research to address the following issues:  
1. To optimize a novel low temperature and single stage fabrication process for 
CIGS solar cells with efficiency >15%, by exploiting the peculiar features of 
PED technique (stoichiometric transfer and high kinetic energy of the 
adatoms). 
2. To scale up the CIGS deposition process from the laboratory scale to the pre-
industrial fabrication of solar mini-modules, limiting some drawbacks typical 
of the PED technique (i.e. narrow-peaked distribution of adatoms, generation 
of particulates, long-term stability of the e-beam source). 
1. CIGS is a complex material. In order to guarantee a good stoichiometric transfer 
from the target in a single stage, the pulsed e-beam acceleration voltage has been 
set to16 kV; it’s a remarkable result, allowing to avoid further steps for compositional 
adjustments (post-growth thermal annealing or selenization treatment). The growth 
of CIGS films was performed by varying the temperature of the glass substrate from 
RT to 500°C. The CIGS films deposited at very low temperature exhibited poor 
crystal quality and great stoichiometric preservation, while when the temperature 
exceeds 300°C, Se re-evaporation started to occur from the film surface, losing the 
required stoichiometry.  A Se depleted film shown a high degree of electrical 
compensation, which lowers the free acceptors concentration in CIGS layer. A 
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compromise temperature of 270°C was found to maximize both crystallization and 
p-type doping in CIGS films. This surprisingly low temperature for growing high-
crystal quality films can be possible by exploiting the energetic distribution of PED 
adatoms, arriving at the substrate with kinetic energies >>1eV, providing high 
diffusion mobility on the film surface. This temperature is at least 150°C lower with 
respect to that used in the state-of-the-art CIGS deposition process as thermal co-
evaporation and RF-sputtering, enabling the CIGS deposition on thermolabile and 
flexible substrates, suggesting interesting development in the emerging field of the 
“BIPV” (Building Integrated PhotoVoltaic). 
On the other side, the Na diffusion from the glass substrate to the CIGS is hindered 
at such a low temperature, limiting the p-type doping concentration in the absorber 
layer (< 5x1014 cm-3) and hence the cell efficiency (up to 7.5%). This challenge was 
solved by growing a precursor layer (NaF) before the CIGS. The p-type doping of 
CIGS was found to monotonically increase (from 1x1014 to 1x1017 cm-3) with the NaF 
increasing thickness layer from 0 to 40 nm. 30 nm NaF thickness was used to 
prevent the drop in the CIGS mechanical adhesion with the substrate occurring for 
thicker NaF layers and to finally get a free acceptor concentration value of 6x1015 
cm-3 in the CIGS, as measured by Capacitance-Voltage measurements, ending to 
photovoltaic efficiencies > 15% on a 0.15 cm2-wide solar cells with the following 
architecture: Al:ZnO/CdS/CIGS/Mo/Glass. A further study on the post-growth CIGS 
annealing process allowed to improve both efficiency and uniformity on a wider cell 
area. A thermal annealing treatment of 80 minutes was found to enhance the Na 
diffusion from the NaF layer and thus the free acceptor density (up to 1x1016 cm-3) 
without affecting the film mechanical stability. Conversion efficiency values > 17% 
over 0.1 cm2 area and > 16% over a 6 cm2-wide cell were measured on annealed 
samples. Finally, by inserting an undoped ZnO layer between CdS and Al:ZnO, the 
resistive effects in the cells were reduced, thus achieving a remarkable efficiency of 
18.75% on 0.15 cm2 –wide active area. 
Since a significant efficiency improvement (up to 28%) has been suggested by 
theoretical calculations if the grain size of the absorber layer is enhanced, the low-
temperature CIGS growth process was tested using crystalline substrates (GaAs 
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and Ge). Single-crystal CIGS layers with thickness > 1.5 μm have been epitaxially 
grown at 300°C; only twin boundaries along the (112) directions were detected as 
extended crystal defects, with no threading dislocations. These epitaxial films exhibit 
a reduced electrical compensation with respect to polycrystalline CIGS, and current-
voltage and capacitance-voltage measurements confirm an intrinsic p-type 
conductivity, with a free carrier concentration of 3.5x1016 cm-3. 
The realization of epitaxial CIGS grown on Ge as absorber layer in a solar cell 
completed with the standard multi-layer architecture (Al:ZnO/ZnO/CdS) and the 
comparison with a standard poly-crystalline CIGS layer is in progress, to be used 
both in single-junction and in tandem solar cells. 
2. To scale up the CIGS deposition route for fabricating solar mini-modules, three 
main challenges, intrinsically present in PED technique, have been faced in the 
second part of the Thesis 
a. The generation of micrometer particulate produced during the ablation 
process, responsible to reduce the cell efficiency and the performance 
uniformity on large area. To control both particulate density and dimensions, 
a negative electric fields has been applied between substrate and target to 
repulse particles away from the growing film surface. A negative DC bias > -
200 V is effective to reduce the droplet density on the film surface by one 
order of magnitude, halving their average size.  
b. A narrow-peaked angular distribution of the adatoms generated by PED as 
compared to thermal evaporation techniques, which limits a coating 
uniformity > 90% over a maximum area of only 10 cm2. A mathematical 
simulation model, based on the superimposition of the plumes generated by 
an array of PED sources was compiled in order to optimize the deposition 
uniformity over larger substrates (16x16 cm2, the typical size of a 
conventional silicon-based solar cell). The model allowed to change three 
parameters: i) the number of required guns, ii) their relative position in the 
vacuum chamber and iii) the most substrate motion type.  A CIGS deposition 
uniformity of 98% can be achieved using a vacuum chamber composed of 
an array of 4 PED sources arranged in a squared geometry, and equipped 
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with a back-and-forth linear substrate translation system. Such a 
configuration allows a considerable reduction of deposition time (-
50%),material (-50%) and costs in comparison to thermal co-evaporation 
technique.  
c. The long-term instability of the PED e-beam due to the overheating effects of 
both the cathode and the dielectric tube is a relevant drawback for prolonged 
deposition processes. With the aim of limiting the heat transferred to the PED 
source from the conventional graphite heater, a novel type of non-radiative 
heater was designed and tested. By flowing a DC electrical current across 
the Mo layer (the back contact on the glass), a local and selective heating of 
the substrate by Joule effect is achieved. Solar cells based on CIGS heated 
by Joule effect exhibit efficiencies >15%, equivalent to those fabricated by 
the standard radiative route, using a much lower power (only 1/100 on 6 cm2 
area). Moreover, the rapid heat transfer led by Joule effect leads to faster 
heating and cooling stages (few tenths of seconds instead of some minutes), 
thus strongly reducing the total cell fabrication time.  
 
 
All the fundamental achievements, as well as the instrumental and technological 
improvements developed in this Thesis, have been utilized to design and build a 
pre-industrial multi-PED prototype system. It has been recently installed at IMEM-
CNR: the first CIGS deposition tests conducted at room temperature on 16x16cm2-
wide glass (Figure 1) confirm a satisfactory agreement between the theoretical 
distribution of CIGS thickness over the substrate and the measured profiles; the 
installation of the substrate heater in the chamber has been completed, and the 
system is now ready to fabricate the first CIGS mini-modules. 
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Figure  1 - Comparison between a CIGS film deposited in the lab-scale PED system on a 
2.5x2.5cm2-wide glass (left), and a sample grown on a substrate area of 16x16cm2 using the pre-
industrial multi-PED system (right). 
 
This Thesis work clearly confirms that by optimizing some technological issues, the 
PED technique can be a suitable and robust technique for industrial applications. 
Besides the thin film solar cells (in only very few years we can compete with the best 
laboratory in the word working on CIGS), the results achieved in this Thesis could 
open new possibilities of research in various fields of thin film technology, in 
particular when complex materials have to be deposited in a simple process 
(stoichiometric transfer from the target to the growing film and low temperature 
deposition), with good surface morphology (substrate bias to limit the particulates), 
with an efficient, rapid and uniform heating (by Joule effect). 
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Abbreviations and symbols 
 
 
AFM    Atomic Force Microscopy 
AM1.5   Air mass 1.5 
AZO    Aluminum doped Zinc Oxide 
BIPV    Building Integrated Photovoltaic  
CBD    Chemical Bath Deposition 
CGS    Compound formed from Cu, Ga, Se; usually CuGaSe2  
CH    Conventional Heating 
CIGS    Compound formed from Cu, In, Ga, Se; Cu(In,Ga)Se2 
CIS    Compound formed from Cu, In, Se; CuInSe2 
CGI    Cu/(In+Ga) ratio 
CS    Channel-Spark 
C–V    Capacitance – Voltage 
EDX    Energy-Dispersive X-ray analysis 
EBIC    Electron Beam Induced Current 
Eg    Energy Gap  
FF    Fill Factor 
FFT    Fast Fourier Transform 
GGI    Ga/(In+Ga) ratio 
I–V    Current – Voltage 
HAADF   The High-Angle Annular Dark-Field 
HIP    Hot Isostatic Press 
HRTEM   High Resolution Transmission Electron Microscopy 
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ILGAR   Ion Layer Gas Reaction 
JH    Joule Heating 
Jsc    Short-circuit current 
J–V    Current density – voltage 
MBE    Molecular Beam Epitaxy 
ODC    Ordered defect compound 
OVC    Ordered vacancy compound 
PDT    Post-deposition treatment 
PED    Pulsed Electron Deposition 
PLD    Pulsed Laser Deposition 
PV    Photovoltaic 
PVD    Physical Vapour Deposition 
SEM    Scanning Electron Microscopy 
SLG    Soda-Lime Glass 
TCAD   Technology Computer-Aided Design 
TCO    Transparent Conductive Oxide 
THC     Transient Hollow Cathode 
Voc   Open Circuit Voltage 
XRD    X-ray diffraction 
YBCO   Yttrium Barium Copper Oxide 
 
 
 
 
 
 
